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i Liquid crystal display device and method for producing the same. 

i According to the present Invention, a display medium layer is sandwiched between a TFT substrate 
and a counter substrata. In the display medium layer, resin walls are respectively formed in regions 
other than those where a plurality of seg/nented electrodes are formed, and liquid crystal portions are 
respectively formed in regions between the respective resin walls, corresponding to those where the 
segmented electrodes are formed. Disci i nation Ikies are formed on the Interfaces between the resin 
walls and the liquid crystal regions. In a liquid crystal display device, liquid crystal molecules in the 
liquid crystal regions are radially oriented and at least one liquid crystal domain is formed in each liquid 
crystal region. 
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BACKGROUND OF THE INVENTION 

1 . Field of the Invention: 

5 Hie present invention relates to a liquid crystal display device and a method for producing the same. More 

specifically, the present invention relates to a liquid crystal display device having a display medium with a struc- 
ture In which liquid crystal regions are partitioned by a polymeric material and a method for producing the same. 

2. Description of the Related Art 

10 

As display devices utilizing an electro-optic effect liquid crystal display devices using nematic liquid crys- 
tals have conventionally been used. Examples of such liquid crystal display devices include a twisted nematic 
(TN) liquid crystal display device and a super-twisted nematic (STN) liquid crystal d isplay device. Liquid crystal 
display devices using ferroelectric liquid crystal have also been proposed. These liquid crystal display devices 

is include a pair of glass substrates, nematic liquid crystal or smectic liquid crystal provided between the sub- 
strates, and two polarizing plates sandwiching the substrates. 

Furthermore, as the display devices utilizing an electro-optic effect, liquid crystal display devices utilizing 
a light scattering phenomenon of liquid crystal, instead of using the polarizing plates, have been known. Such 
liquid crystal display devices use a dynamic scattering (DS) mode and a phase change (PC) mode. 

20 In recent years, liquid crystal display devices requiring no alignment treatment have been proposed. Such 

a liquid crystal display device electrically regulates a transparent state and an opaque state by using the bi- 
refringence of a liquid crystal. More specifically. In such a liquid crystal display device, the refractive Index of 
liquid crystal molecules with respect to ordinary light is latched with the refractive index of a supporting medium 
which supports the liquid crystal. Thus, liquid crystal molecules are oriented under the application of a voltage 

25 and hence a transparent state Is displayed; whereas the orientation of the liquid crystal molecules is disturbed 
under the application of no voltage and hence a light scattering state Is displayed. Japanese National Public- 
ation No. 61-502128 discloses a specific method: liquid crystal and photopofymerizable or thermosetting resin 
are mixed and resin Is cured to deposit liquid crystal, whereby liquid crystal droplets are formed in the resin. 
Japanese Laid-Open Patent Publication Nos. 4-338923 and 4-212928 disclose a liquid crystal display de- 

30 vice using polarizing plates with Improved viewing angle characteristics, Le., a polymer dispersed liquid crystal 
device sandwiched with polarizing plates disposed so that the respective polarizing directions cross at right 
angles (hereinafter, referred to as crossed polarizing plates). These conventional liquid crystal display devices 
have improved viewing angle characteristics. However, the use of scattering of light for the elimination of po- 
larization makes the brightness of the device 1/2 that of a TN liquid crystal display device. Thus, these con- 
as ventional devices have not found a wide range of use. 

Furthermore, Japanese Laid-Open Patent Publication No. 5-27242 discloses a method for improving view- 
ing angle characteristics by disturbing the orientation of liquid crystal molecules with walls or projections of a 
polymer to form random domains. However, according to this method, liquid crystal domains are formed at ran- 
dom, a polymeric material enters a pixel portion, and a plurality of disci ination lines formed at random between 

40 the liquid crystal domains are not eliminated even under the application of a voltage. For these reasons, the 
conventional liquid crystal display devices have the disadvantage of low contrast, light transmit tance under 
the application of no voltage is low, that is, the black level is not satisfactory under the application of a voltage. 

Accordingly, the conventional liquid crystal display devices using polarizing plates have poor viewing angle 
characteristics and hence are unsuitable for use as a liquid crystal display device for a wide viewing angle. 

45 For example, a TN liquid crystal display device undergoes alignment treatment so that liquid crystal molecules 
rise in the same direction under the application of a voltage. That is to say, the TN liquid crystal display device 
has a structure in which liquid crystal molecules have an initial orientation of 90° twist and rise in one direction 
at a certain angle, i.e.. a pretilt angle. This makes the liquid crystal molecules tilt in the same direction in the 
case where a gray scale display is conducted to allow the liquid crystal molecules to rise, as shown in Figures 

so 51 (a) to 51 (c). Because of this, as shown In Figure 51 (b), when the liquid crystal molecules are viewed from 
d tactions A and B, apparent refractive Indices become different This also makes the difference In contrast 
between directions A and B large, and in some cases, results in an abnormal display such as a change In hue 
and the reversal of black and white colors. 

As described above, the conventional liquid crystal display device have the disadvantage of poor viewing 

55 angle characteristics. 

Another method for producing a liquid crystal display device using polarizing plates has been proposed. 
Accord Ing to this method, first, a mixture containing liquid crystal and a photopolymerteable material is provided 
between a pair of substrates. Then, light is Irradiated to the mixture to a predetermined pattern through a pho- 
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torn ask. At this time, the liquid crystal is phase-separated from the polymeric material In a regular manner. As 
shown In Figures 52(a) to 52(c), when a voltage is applied to the device thus produced, liquid crystal molecules 
Interact with the polymer and consequently, the liquid crystal molecules rise along wails in each direction. Be- 
cause of this, apparent refractive indices become nearly the same In directions A and B in Figure 52(b). im- 

5 proving viewing angle characteristics. 

For improving the viewing angle characteristics most effectively, liquid crystal molecules in each pixel 
should be oriented so as to be symmetric with respect to an axis. However, the axi symmetric orientation re- 
quires walls, pillars, or the like of a polymer in the middle of the pixels. This leads to problems during practical 
use, such as the reduction of liquid crystal regions and decreased light transmittance under the application of 

10 no voltage. Furthermore, In this case, disc] I nation lines between the liquid crystal domains cannot be control- 
led, which makes It impossible to eliminate the dlsclinatlon lines even under the application of voltage. As a 
result, the display quality is degraded. Alternatively, the decrease in contrast due to difficulties in eliminating 
d ted i nation lines degrades the display quality. 

16 SUMMARY OF THE INVENTION 

The liquid crystal display device of this invention, comprises: two substrates respectively defining a plur- 
ality of pixels, each pixel being a display unit, at least one of the substrates being transparent; and a display 
medium layer formed between the two substrates, having a supporting medium made of a polymeric material 

20 and a liquid crystal, the liquid crystal being respectively filled In a plurality of liquid crystal regions being par- 
titioned by supporting walls made of the polymeric material in the supporting medium and each having a size 
correspondhg to a size of each of the plurality of pixel regions, wherein molecules of the liquid crystal filled 
In the plurality of liquid crystal regions Is axisymmetrically oriented in an imaginary plane parallel with a surface 
of the substrates, and at least one liquid crystal domain Is positioned In each of the plurality of the liquid crystal 

25 regions. 

In one embodiment of the present invention, one liquid crystal domain is positioned in each of the plurality 

— — of liquid crystal regions. 

In another embodiment of the present invention, a plurality of liquid crystal domains are positioned in each 
of the plurality of liquid crystal regions, liquid crystal molecules In each domain are axisymmetricaOy oriented, 
30 and the supporting wails made of the polymeric material are present outside of each domain. 

In still another embodiment of the present invention, a thin film made of a material selected from the group 
consisting of an organic material and an inorganic material is provided on surfaces of the two substrates. 

In still another embodiment of the present invention, the two substrates are sandwiched between polar- 
izing plates. 

35 In still another embodiment of the present invention, a product A n-d of anisotropy of refractive index A n 
of the liquid crystal and a cell gap d between the two substrates is in the range of 300 nm to 650 nra 

In still another embodiment of the present invention, a twist angle of the liquid crystal between the two 
substrates when the liquid crystal is injected therebetween is in the range of 45° to 150°. 

In still another embodiment of the present invention, the liquid crystal has a viscosity \i of 50 mPa s or 
40 less at 20°C and dielectric constant anisotropy A a of +3(1 kHz) or more. 

In still another embodiment of the present invention, the liquid crystal satisfies a condition under which a 
voltage V 10 is 2 volts or less in a voltage-light transmittance characteristic at 25°C, in a TN cell when light trans- 
mittance of the liquid crystal changes from an initial state to 90%. 

In still another embodiment of the present invention, a product A n-d of anisotropy of refractive index A n 
45 of the liquid crystal and a cell gap d between the two substrates is in the range of 1 000 nm to 1400 nm, and 
a twist angle of the liquid crystal present in a cell is in the range of 45° to 1 50°. 

In still another embodiment of the present invention, a product A n-d of anisotropy of refractive index A n 
of the liquid crystal and a cell gap d between the two substrates is In the range of 550 nm to 800 nm, and a 
twist angle of the liquid crystal present in a ceil Is in the range of 240° to 300°. 
so in still another embodiment of the present invention, the supporting walls reach each of the two substrates. 

In still another embodiment of the present invention, a center axis of orientation of the liquid crystal regions 
present in the pixels is orthogonal to at least one of the substrates. 

In still another embodiment of the present invention, disclination lines are formed at the periphery of the 
liquid crystal regions under an application of a voltage. 
53 In still another embodiment of the present invention, the liquid crystal molecules in the liquid crystal regions 

are axisymmetrically oriented so as to be in parallel with the surface of the substrates, a center axis of an ori- 
entation of the liquid crystal regions Is aligned in a vertical direction to the substrates, and the polymer material 
in the supporting walls is symmetrically oriented with respect to the center axis, whereby dlsclinatlon I ines are 
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not formed in the liquid crystal regions under the application of a voltage. 

In 8tili another embodiment of the present Invention, the liquid crystal molecules in the liquid crystal regions 
are axisymmetricaRy oriented so as to be in parallel with the surface of the substrates, a center axis of orien- 
tation of the liquid crystal regions is aligned in a vertical direction to the substrates, and the polymer material 
5 in the supporting walls is oriented In one direction, whereby d Iscl in at ion lines are not formed in the liquid crystal 
regions under the application of a voltage. 

In still another embodiment of the present invention, a polymer present between the substrates and the 
liquid crystal In the liquid crystal regions has a pretiit angle axisymmetric with respect to a center axis of ori- 
entation of the liquid crystal regions, whereby d iscl i nation lines are not formed in the liquid crystal regions under 
10 the appi ication of a voltage. 

In still another embodiment of the present invention, a black mask Is provided on one of the substrates so 
as to correspond to a center portion of the domains in which the liquid crystal molecules are radially oriented. 

According to another aspect of the present Invention, the method for producing a liquid crystal display de- 
vice of this invention comprises the steps of: (1) providing a mixture containing a liquid crystalline compound 
is and a photopolyrnerizable compound between two substrates, at least one of which is transparent: and (2) 
irradiating light having a predetermined Irradiation intensity distribution to the mixture between the two sub- 
strates, allowing a phase separation of the mixture Involved In polymerization thereof to be effected, and uni- 
formly distributing supporting walls made of a resin and a liquid crystal. 

In one embodiment of the present Invention, a photopdymerization initiator Is added to the mixture. 
20 In another embodiment of the present Invention, in step (2), a uniform distribution of the supporting walls 

and the liquid crystal is determined so as to correspond to an arrangement pitch of a plurality of pixels defined 
by the two substrates. 

In still another embodiment of the present invention, step (2) Includes alignment treatment for allowing 
molecules of the liquid crystal partitioned by the supporting wails to be axisymmetricalry oriented in an Imag- 
25 inary plane parallel with a surface of the substrates. 

In still another embodiment of the present invention, a light-shielding chip corresponding to a center portion 
of an axisymmetric orientation of the liquid crystal molecules is formed on either of the two substrates. 

In still another embodiment of the present Invention, the mixture is irradiated with light having uniform Ir- 
radiation intensity distribution under a condition that a UV-rays component in a short wavelength region of 300 
30 nm or less Is shielded. 

In still another embodiment of the present invention, the UV-rays component in a short wavelength region 
is shielded by using a UV-rays cut filter. 

In still another embodiment of the present invention, the UV-rays component in a short wavelength region 
is shielded by using an inorganic and organic material which makes transmittance of light with a wavelength 
35 of 300 nm not more than 1 0% and transmittance of light with a wavelength of 350 nm at least 40%, assuming 
that light transmittance with respect to air is 1 00%. 

In still another embodiment of the present invention, while being substantially controlled, at least one of 
an electric field and a magnetic field is applied to the mixture during light irradiation. 

In still another embodiment of the present invention, the electric field is applied by using an electrode for 
40 a display. 

In still another embodiment of the present invention, light having the predetermined irradiation intensity 
distribution is formed by using a photomask. 

Alternatively, the method for producing a liquid crystal display device of this invention comprises the steps 
of. injecting a mixture containing a liquid crystalline compound, a photopolyrnerizable compound, and a liquid 
45 crystalline photopolyrnerizable compound between electrode substrates in a cell, at least one of the substrates 
being transparent; and irrad iating the mixture with light having a uniform irradiation intensity distribution while 
at least one of an electric field and a magnetic field is applied to the mixture, thereby allowing phase separation 
involved in polymerisation to be effected. 

In one embodiment of the present invention, a temperature of the ceD during light irradiation is set to be 
so at least a temperature at which the liquid crystalline compound to be used exhibits an isotropic phase, and 
then the cell Is cooled. 

In another embodiment of the present invention, the photopolyrnerizable compound includes a fluorinated 
compound. 

The liquid crystal display device of the present invention has a structure in which a display medium layer 
55 is sandwiched between two substrates. For producing such a liquid crystal display device, in the first step, a 
mixture containing a liquid crystalline compound, a photopolymerizable compound, and a photopolymerization 
initiator is provided between the two substrates. In the second step, the mixture is irradiated with light having 
a predetermined irradiation intensity distribution, thereby allowing phase separation involved In polymerization 
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of the mixture Id be effected. In this way, the display medium layer having a structure In which supporting walls 
made of the polymer (rosin) and liquid crystal are uniformly distributed is obtained. 

Molecules in the liquid crystal filled in a plurality of liquid crystal regions in the display medium layer are 
axisymmetricalty oriented in an imaginary plane parallel with a surface of the substrates. Furthermore, at least 
6 one liquid crystal domain is positioned fri each of the plurality of liquid crystal regions. 

When the angle and direction, in which the liquid crystal display device of the present invention are ob- 
served from outside, are changed, the dependence of display contrast on a viewing angle can be eliminated 
because of the axisymmetric orientation of the liquid crystal molecules. Also, the axisymmetric orientation of 
the liquid crystal molecules prevents the dlsclination lines from being formed in the liquid crystal region, and 
10 thus the display quality is remarkably improved. 

According to the present invention, the product And of anlsotropy of refractive index An of the liquid crystal 
material and a eel gap d (distance between substrates sandwiching a display medium) is set to be in the range 
of 300 to 650 nm, and the twist angle of liquid crystal between the substrates is set to be in the range of 45° 
to 1 50° when the liquid crystal is Injected therebetween. Because of this, the light tra remittance of the display 
is device can be optimized, and the light transmittance of the liquid crystal display device can be remarkably im- 
proved. 

Thus, the invention described herein makes possible the advantages of (1) providing a liquid crystal display 
device with markedly improved viewing angle characteristics and display quality, and (2) a simplified method 
for producing a liquid crystal display device. 
20 These and other advantages of the present invention will become apparent to those skilled In the art upon 
reading and understanding the following detailed description with reference to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Figure 1 Is a cross-sectional view of a liquid crystal display device in Example 1 according to the present 

invention. 

Figure 2 is a plan view of a photomask used for producing the liquid crystal display device shown In Figure 

1. 

Figure 3 is a plan view of one pixel of the liquid crystal display device shown in Figure 1 , observed with a 
30 polarizing microscope. 

Figure 4 is a state of dlsclination lines generated under the application of a voltage in one pixel of the liquid 
crystal display device shown in Figure 1. 

Figure 5 is a plan view of a liquid crystal display device in a modified example according to the present 
invention, observed with a polarizing microscope. 
35 Figure 6 is a plan view showing an orientation state of liquid crystal molecules In an example according 

to the present invention. 

Figure 7 is a plan view showing another orientation state of liquid crystal molecules in an example according 
to the present invention. 

Figure 8 Is a plan view of one pixel of the liquid crystal display device. 
40 Figure 9 shows graphs illustrating the viewing angle characteristics of the liquid crystal display device ac- 

cording to the present invention. 

Figure 10 shows graphs illustrating the viewing angle characteristics of a conventional TN liquid crystal 
display device. 

Figure 11 is a plan view of a counter substrate having a color filter used in Example 2 according to the 
45 present invention. 

Figure 12 is a plan view of a TFT substrate having a black mask used in Example 2 according to the present 
invention. 

Figure 13 is a graph showing the relationship between the light transmittance and the A n-d characteristic 
of the liquid crystal display device In Example 2 according to the present invention. 
so Figure 14 Is a graph showing the dependence of light transmittance with respect to light with 3 wavelengths 

on the A n-d characteristic Jn the liquid crystal display device in Example 2 according to the present invention. 

Figure 1 5 Is a graph showing the dependence of the light transmittance on a twist angle of the I Iquid crystal 
display device in Example 2 according to the present invention. 

Figure 16 is a plan view of a photomask used in Example 2 according to the present invention. 
55 Figure 1 7 is a plan view of pixel electrode regions of the liquid crystal display device In Example 2 according 

to the present invention. 

Figure 16 is a plan view of a photomask used in Comparative Example 2. 

Figure 19 is a plan view of pixel electrode regions of the liquid crystal display device produced in Com- 
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parative Example 2. 

Figure 20 is a plan view of a photomask used in Construction Example 10. 

Figure 21 Is a graph showing the dependence of light transmittance on the A n-d characteristic of the I iquld 
crystal display device in Example 4 according to the present Invention. 

Figure 22 is a graph showing the dependence of light transmittance on the A n-d characteristic of the I iquld 
crystal display device in Example 4 according to the present invention. 

Figure 23 is a graph showing the dependence of light transmittance on the twist angle of the liquid crystal 
display device in Example 4 according to the present invention. 

Figure 24 Is a schematic view of a counter substrate having a color filter used in Example 5 according to 
the present invention. 

Figure 25 is a schematic view of a substrate having a black mask used in Example 5. 

Figures 26(a) and 26(b) are graphs showing a spectral transmission characteristic of a UV-rays cut filter 
used in Example 5 according to the present invention. 

Figure 27(a) is a biook diagram of a measurement device for measuring a charge holding ratio; and Figures 
27(b) to 27(d) are diagrams showing signals. 

Figure 28 is a graph showing an optical characteristic of a plastic substrate used in Construction Example 

24. 

Figure 29(a) is a diagram of a pixel portion of the liquid crystal display device in Example 6 according to 
the present Invention; and Figure 29(b) is a diagram illustrating the structure of the pixel portion. 

Figures 30(a) to 30(d) are schematic views showing an orientation state in each part of the liquid crystal 
region of the liquid crystal display device in Example 6 according to the present invention. 

Figures 31(a) to 31(d) are schematic views showing an orientation state in each part of the liquid crystal 
region of the liquid crystal display device in Example 6 according to the present invention. 

Figures 32(a) and 32(b) show the liquid crystal region of the liquid crystal display device In Example 6 ac- 
cording to the present invention, observed with a polarizing microscope. 

Figures 33(a) to 33(c) are diagrams Illustrating the effect of an external field during a polymerization step 
of a method according to the present invention. 

Figure 34 Is a plan view of a photomask used in Construction Example 25. 

Figure 35 is a diagram of a schileren texture of a liquid crystal display device produced in Construction 
Example 25. 

Figure 36 shows graphs showing electro-optic characteristics of the liquid crystal display device produced 
in Construction Example 25. 

Figure 37 is a view illustrating the principle of suppressing disclination lines. 

Figures 38(a) and 38(b) are views showing a state where disclination lines are formed. 

Figure 39 is a plan view of a photomask used in Construction Example 27. 

Figures 40(a) and 40(b) are diagrams showing observation results of a liquid crystal display device pro- 
duced in Construction Example 27. 

Figures 41(a) to 41(c) are diagrams used for expecting the orientation of liquid crystal molecules of a liquid 
crystal display device. 

Figures 42(a) and 42(b) are diagrams showing observation results of a liquid crystal display device pro- 
duced in Construction Example 26. 

Figures 43(a) to 43(c) are diagrams showing observation results of the liquid crystal display device pro- 
duced in Construction Example 26. 

Figures 44(a) and 44(b) are diagrams used for expecting the orientation of liquid crystal molecules of the 
liquid crystal display device produced in Construction Example 28. 

Figure 45 is a plan view of a pixel portion of a liquid crystal display device produced in Construction Ex- 
ample 29. 

Figure 46 is a diagram illustrating the size of each light-shielding portion of a photomask In Example 8 
according to the present invention. 

Figure 47 is a plan view of the photomask used In Example 8 according to the present invention. 

Figure 48 is a plan view of the pixel portions of the liquid crystal display device produced in Example 8 
according to the present Invention. 

Figures 49(a) and 49(b) are diagrams respectively showing an example of a photomask usable in the pres- 
ent invention and a liquid crystal region to be obtained. 

Figure 50 is a diagram showing an example of a photomask usable In the present invention and a liquid 
crystal region to be obtained. 

Figures 51(a) to 51(c) are cross-sectional views illustrating the behavior of liquid crystal molecules of a 
conventional liquid crystal display device. 
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Figures 52(a) to 52(c) are cross-sectional views illustrating the behavior of liquid crystal molecules of the 
liquid crystal display device according to the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, the present invention will be described by way of illustrative examples with reference to the 
accompanying drawings. It is noted that the present invention is not limited to the following examples in terms 
of size, material, and structure. 

10 Example 1 

Figure 1 1s a cross-sectional view of a liquid crystal display device 1 in Example 1 according to the present 
invention. The liquid crystal display device 1 includes a pair of glass substrates 2 and 3 having a thickness of 
1 .1 mm each. On the glass substrate 2, a plurality of segmented electrodes 4 and a plurality of switching de- 

15 vices 5 are provided In a matrix. The segmented electrodes 4 are made of a mixture containing indium oxide 
and tin oxide (ITO), and have a thickness of 50 nm. The switching devices work for applying a signal voltage 
to the segmented electrodes 4, or for interrupting the signal voltage. As the switching devices, for example, a 
thin film transistor (TFT) Is used. An organic thin film 6 covers the segmented electrodes 4 and the switching 
devices 6. It is noted that the organic thin film 6 can be omitted. Accordingly, a TFT substrate 12 Is constructed. 

20 On the other glass substrate 3, a counter electrode 7 made of ITO is provided. In addition, a black mask 

8 having light-shielding portions Is positioned on the counter electrode 7 so that the light-shielding portions 
correspond to portions between the segmented electrodes 4 on the glass substrate 2. A smoothing film 9 cov- 
ers the black mask 8. A color fitter 10 having red (R), green (6), and blue (B) primitives. In an appropriate color 
pixel arrangement. Is incorporated on the smoothing film 9 so that each color corresponds to each segmented 

25 electrode 4. The color filter 1 0 is covered with an organic thin film 1 1 . It is noted that the organic thin film 1 1 
can be omitted. Accordingly, a counter substrate 1 3 Is constructed. 

A display medium layer 14 Is sandwiched between the TFT substrate 12 and the counter substrate 13. 
The display medium layer 14 includes resin walls 16 (i.e., polymer wails) and liquid crystal regions 17. The resin 
wails 16 are formed in regions of the display medium layer 14 excluding regions where the segmented eleo- 

30 trades 4 are formed, and the liquid crystal regions 17 are formed between the respective resin wells 16 and 
in regions of the display medium layer 14 where the segmented electrodes 4 are formed. Disci (nation lines 18 
are formed on interfaces between the resin wails 1 6 and the liquid crystal regions 17. In the I iquid crystal display 
device 1, liquid crystal molecules in the liquid crystal regions 17 are oriented symmetrically with respect to an 
axis, and at least one liquid crystal domain Is formed in each liquid crystal region 17. 

35 A process for producing the liquid crystal display device 1 having the above-mentioned structure will be 
described. 

First, a display cell was made of the TFT substrate 12, the counter substrate 1 3. and spacers (not shown) 
so that a cell gap was kept to be identical with the diameter of the spacers. Spherical or cylindrical spacers 
having a diameter of 6 um were used. 
40 Next a photomask 1 5, as shown in Figure 2, was placed on the display cell thus obtained. The photomask 

1 5 had a plurality of light-shielding portions 1 9 formed in a matrix, each having a size of 100 um x 1 00 urn and 
being arranged with light-transmitting portions 20 having a width of 25 um Interposed therebetween. 

A mixture was injected into the display cell in a transparent state at 35 °C. The mixture was prepared by 
mixing 0.1 g of R-684 (manufactured by Nippon Kayaku Co., Ltd.), 0.05 g of styrene, 0.85 g of isobornyi me- 
45 thacrylate, a liquid crystal material ZU-4729 (containing 0.4% by weight of S-811: manufactured by Merck & 
Co., Inc.), and 0.0025 g of photopolymerization initiator (trgacure 651). 

Under the condition of the same temperature, the display cell was irradiated with coOimated light beams 
at 1 0 mW/cm 2 using a high- pressure mercury lamp through a dot pattern of the photomask 1 5 lor one second, 
and the display cell was allowed to stand for 30 seconds without the irradiation. This cycle was repeated 20 
so times. Then, the display cell was irradiated with UV-rays for 10 minutes to cure the resin. After the resin was 
cured, the display cell was observed with a polarizing microscope, indicating that liquid crystal domains having 
the same size and arrangement pitch as those of the dot pattern of the photomask 15 were formed. 

Next, two crossed-polarizlng plates were attached to both sides of the display cell to fabricate the liquid 
crystal display device 1 , as shown in Figure 1 , having a plurality of liquid crystal reg Ions 1 7 partitioned by the 
59 resin walls 16. 

The liquid crystal display device 1 thus produced having the above-mentioned structure Includes the liquid 
crystal regions 17 partitioned by the resin walls 16. The liquid crystal regions 17 contain the fewest number 
of liquid crystal domains, and liquid crystal molecules In each Liquid crystal domain are oriented symmetrically 
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with respect to an axis in a virtual plane parallel with the substrate surface. In such a structure, the declination 
lines 18 In the pixels can be minimized and excellent viewing angle characteristics with high contrast can be 
realized. According to the present invention, a method for producing the liquid crystal display device having 
such a structure can be realized. 

9 Hereinafter, the characteristics of the liquid crystal display device 1 having the structure In Example 1 and 
a method for producing the same including the steps in Example 1 will be described. 

(Orientation of liquid crystal molecules in domains) 

10 As shown in Figure 3, in the liquid crystal domain of the liquid crystal display device 1 according to the 
present Invention, a pixel region 22, having the same shape as that of the segmented electrode 4, and the 
liquid crystal region 17, having almost the same shape as that of the pixel region 22, are formed, being parti- 
tioned by the resin wall 16. In the liquid crystal region 17, a cross-shaped extinction pattern 21 Is observed in 
the polarization axis directions of the polarizing plates. The extinction pattern 21 shows that the liquid crystal 

is molecules in the liquid crystal region 17 are oriented axIsymmetricaHy, i.e.. radially or concentrically with re- 
spect to a center dlsclination point 23 in the liquid crystal region 17. 

As shown In Figure 4. in the liquid crystal domain having such an orientation of liquid crystal molecules, 
although the dlsclination line 18 Is formed at the periphery of the liquid crystal region (or liquid crystal domain) 
17underthe application of a voltage, the dlsclination line 18 Is not formed within the liquid crystal region 17. 

20 Thus, it Is possible to form the dlsclination line 18 outside of the pixel region 22. By forming the dlsclination 
line 18 under the light-shielding portions of the black mask 8 or the like as shown in Figure 1, a liquid crystal 
display device with an Improved black level and contrast can be obtained. As a result, the display quality of 
the liquid crystal display device of the present invention can be Improved. 

When a display voltage Is applied to the liquid crystal display device having the above-mentioned orien- 

25 tat ion , the liquid crystal molecules rise so as to be in parallel with the direction orthogonal to the glass sub- 
strates. At this time, the liquid crystal molecules rise as shown in Figures 52(a) to 52(c). More specifically, the 
liquid crystal molecules rise asymmetrically becoming an initial orientation in the present example. Because 
of this orientation, the apparent refractive Index of the liquid crystal display device 1 1n any direction becomes 
uniform. Thus, the problem of poor viewing angle characteristics can be solved. 

30 By placing the black mask 8 on the counter substrate 3 so that the light-shielding portions correspond to 

the center dlsclination points 23 positioned at the center of the pixel region 22, the center dlsclination points 
23 can be made so that they are hardly seen. In this respect, the display quality of the liquid crystal display 
device of the present invention can be improved. 

35 (Number of domains in pixel) 

It is desirable that the number of domains in each pixel is as low as possible. A number of domains present 
in one pixel causes the dlsclination lines to be formed between the respective domains and decreases the black 
level of a display. It is preferred that each liquid crystal region 17, in which the liquid crystal molecules are 

40 radially oriented, covers each pixel region 22, as shown in Figure 3. In this case, as shown in Figure 4, under 
the application of a voltage to the pixel region 22, the dlsclination line 18 is formed at the periphery of the liquid 
crystal region 17, so that the dlsclination line 18 is prevented from being formed within the pixel region 22. 

As shown in Figure 5, the liquid crystal display device of the present invention is produced so as to have 
a rectangular pixel region 22a. In this case, at least two domains 25, each domain having radially oriented liquid 

45 crystal molecules, are combined to form the liquid crystal region 17. In such a liquid crystal display device, it 
is conf irmed that the viewing angle characteristics are excellent because of the same principle utilized In the 
liquid crystal display device 1 of the present example in which each domain constitutes each liquid crystal re- 
gion 17. 

Furthermore, in the structure of Figure 5, the disclination line 18 can be made so that it is hardly seen 
so under the application of a voltage by matching the direction. In which the dlsclination line 18 extends between 
two domains 25, with the polarization axes of the polarizing plates. Alternatively, the liquid crystal region 17 
can be formed of a plurality of pixel regions 22. In this case, the liquid crystal molecules can have a radial or 
concentric orientation. 

55 (Method for allowing liquid crystal molecules to be ax isym metrically oriented) 

For allowing the liquid crystal molecules to be axisymmetrically oriented, the above-mentioned mixture 
containing liquid crystal, photoporymerizable material, and photopoJymerization initiator Is provided in a display 
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ceil, and the display cell is exposed to UV-rays through a photomask, the UV-rays having an irregular light in- 
tensity distribution in an irradiating plane. Upon the irradiation of the UV-rays, photopolymertzation is effected 
in regions of the mixture corresponding to the light-transmitting portions other than the light-shielding portions 
of the photomask. Then, the photopotymerizable material Is cured to cause a concentration gradient therein. 
As a result, polymerization proceeds while the photopotymerizable material moves from the center of the pho- 
tomask to the ends thereof. 

In this case, the conditions for producing a liquid crystal display device are set so that a glass transition 
temperature Tg of the cured photopolymerizable material (resin) is at room temperature or more, preferably 
60°C or mors, and walls, columns, and the like of the polymeric material are not formed in weak light irradiated 
regions. Thus, a liquid crystal display device, in which the liquid crystal molecules are axlsym metrically oriented 
with respect to the vicinity of the center of each weak light irradiated region, can be obtained. 

The condition for preventing the polymer wails, columns, and the like from being formed in the weak light 
irradiated regions is a polymerization speed related to the size of a pixel. The polymerization speed Is changed 
by varying the composition of the photopolymerizable material according to the size of a pixel. This prevents 
the polymer wails or columns from being formed in the weak light irradiated regions. For example, in the case 
of a pixel with a size of 1 00 jim or less, the photopolymerizable material is made of a material having a relatively 
high polymerization speed, such as aery! ate. In the case of a pixel with a size of 100 urn or more, by using 
acryiate mixed with molecules containing a double bond having a resonance system, such as methacryiate 
and styrene having an effect of suppressing a polymerization speed, a photopoiymerlzatlon speed is de- 
creased, and a phase separation speed between the liquid crystal and the polymeric material is decreased. 
In this way, the polymeric material can be prevented from entering the weak light Irradiated regions. 

Furthermore, the number of photopolymerizable functional groups affects the phase separation speed be- 
tween the liquid crystal material and the polymeric material. When a multi-functional photopolymerizable ma- 
terial having 2 or 3 functional groups in each molecule is used, the gelation speed of a polymer and the phase 
separation speed increase. A monofunctlonal resin material decreases the phase separation speed between 
the liquid crystal material and the polymeric material, and hence is suitable for a large pixel. These compounds 
can be used in combination and selected In accordance with the size of a pixel. 

A polymeric material to be used is a photopolymerizable material and the like. Examples of the photopo- 
lymerizable material include acrylic acid and acrylic acid ester having a long chain alky! group with 3 or more 
carbon atoms or a benzene ring, such as isobutyl acryiate. stearyi acryiate, lauryi acryiate, isoamyl acryiate, 
n -butyl methacryiate. n- lauryi methacryiate. tridecyl methacryiate. 2-ethylhexyl acryiate, n-stearyi methacry- 
iate, cydohexyi methacryiate, benzyl methacryiate, 2-phenoxyethyl methacryiate, isobar ny! acryiate, and iso- 
bornyl methacryiate; a multi-functional material having two or more functional groups for enhancing physical 
strength of a polymer, such as bisphenoi Adimethacrylate, bisphenol Adiacrylate, 1,4-butanediol dimethacry- 
late, 1,8-hexanediol dimethacrytate, trimethylol propane trimethacrylate, trimethylol propane triacrylate, tet- 
ramethyioi methane tetraacrytate. neopentyl diacrylate. and R-684 (manufactured by Nippon Kayaku Co., 
Ltd.); and materials obtained by haloge nation, in particular, compounds obtained by chlorinating and fluorin- 
ating these monomers, such as 2.2.3,4,4,4- hexafluorobutyl methacryiate. 2,2.3,4.4,4-hexachlorobutyl metha- 
cryiate, 2, 2,3,3-tetrafluoro propyl methacryiate, 2,2,3,3-tetraohioropropyt methacryiate, perfluorooctylethyl 
methacryiate, percWorooctyl ethyl methacryiate, perfluorooctylethyl acryiate, and perchlorooctylethyi acryi- 
ate. 

(Polymerization inhibitor) 

In order to increase the size of a liquid crystal droplet (i.e., the liquid crystal region 17), a compound for 
inhibiting polymerization is preferably added to the above-mentioned polymerizable material. Examples of the 
inhibitor include monomers, compounds, and the like which stabilize a radical with a resonance system after 
the formation of the radical, such as styrene, p-chlorostyrene, p-methylstyrene, p-phenyistyrene, p-fluorostyr- 
ene, and nitrobenzene. 

(Photopolymertzation initiator) 

As the photopolymertzation initiator, general photopolymertzation initiators such as Irgacure 651, Irgacure 
1 84, Irgacure 907 (manufactured by CIBA-GEIGY Corporation), and Darocure 1173, Darocure 1116. Darocure 
2956 (manufactured by E. Merk) can be used. Alternatively, a sensitizer and the like which can be polymerized 
with visible light can be used for enhancing the holding ratio. 

The added amount of these photopolymertzation initiators is varied depending upon the reactivity of each 
compound. According to the present invention, although there is no particular limit, the photopolymertzation 
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initiator is added preferably in an amount of 0.01% to 5% by weight based on the total weight of the mixture 
containing the liquid crystal and the photopolymerizable material (including liquid crystalline photopotymerfz- 
abie material). In the case where the added amount is more than 5% by weight the phase separation speed 
between the liquid crystal and the polymer is too high to be controlled, resulting in small liquid crystal droplets. 
This requires a high driving voltage. In addition, the aligning force in the hemeotropic direction or in the hori- 
zontal direction of an alignment film on the substrate becomes weak, and the size of the liquid crystal region 
16 in each pixel decreases. That is to say, in the case where a photomask is used, liquid crystal droplets are 
formed in the regions corresponding to the lightshielding portions of the photomask, decreasing contrast In 
the case where the added amount is less than 0.01%, the polymer is not sufficiently cured. 

(Liquid crystal material) 

The liquid crystal to be used in the present invention is an organic mixture exhibiting a liquid crystalline 
state in the vicinity of room temperature. Examples of such liquid crystals include nematic liquid crystal (in- 
cluding liquid crystal for dual frequency drive. As < 0), chdesterlc liquid crystal (In particular, liquid crystal hav- 
ing selective reflection characteristics with respect to visible light), smectic liquid crystal, ferroelectric liquid 
crystal, and dbcotic liquid crystal. These liquid crystals can be mixed, and in particular, nematic liquid crystal 
or nematic liquid crystal with chdesterlc liquid crystal (chiral agent) added is preferred In terms of character- 
istics. Liquid crystals excellent in chemical reaction resistance are more preferred since photopolymerization 
is effected during the processing. 

The dielectric constant As of the liquid crystal is a factor affecting the driving voltage of the device; As > 
3 or more is preferred. When the dielectric constant As is less than 3, the response speed of the device de- 
creases with the application of a driving voltage. For lowering the driving voltage so as to drive a TFT element, 
As s 5 is more preferred. The viscosity of the liquid crystal also affects the response speed. For example, liquid 
crystals having a viscosity of 30 cp (25°C) or less, more preferably 20 cp or less may be used. Specifically, 
liquid crystals having a functional group such as a fluorine atom may be used. Examples of such liquid crystal 
include ZU -4801-000, ZU-480 1-001, and ZLM792 (manufactured by Merck & Co., Inc.). 

(Polymerize ble liquid crystal material) 

For providing the mixture containing the liquid crystal and the photopolymerizable material with liquid crys- 
tal Unity and for injecting the mixture into a display cell in a nematic state or allowing the orientation to be caused 
in the polymer walls, a polymerize ble liquid crystal material having both of these characteristics is preferably 
used. These compounds have the effects of decreasing volatility of the photopolymerizable material at the time 
of vacuum injection and suppressing the change in composition at the time of injection of the mixture containing 
liquid crystal, photopolymerizable material, and photopolymerisatlon initiator. For selecting these liquid crystal 
materials and liquid crystalline compounds having a poiymerizable functional group in its molecule, it is pre- 
ferred, from the viewpoint of miscibility, that the respective portions exhibiting liquid crystal! inity are similar to 
each other. In particular, the liquid crystalline compound having a poiymerizable functional group Is also pre- 
ferably a fluorine and chlorine type liquid crystal material having specific chemical characteristics. 

Although there is no special limit, the compound having a liquid crystalline functional group in its molecule 
to be used in the present invention refers to a compound represented by the following Formula 1 , which hardly 
disturbs the liquid crystallinity of the liquid crystal molecules of a host 

A - B - LC (monof unctlonal), 
A 1 - B' - LC (Wf unctlonal) (1) 

In Formula 1, A and A' are poiymerizable functional groups having an unsaturated bond such as CH^CH-, 
CH2=CH-COO-, and CH^CH-COO-, or having a heterocyclic ring structure with distortion such as 




B and B' are connecting groups connecting the poiymerizable functional group with the liquid crystalline com- 
pound, such as an alkyl chain (-(CHJn-), an ester bond (-COO-), an ether bond (-O-), a polyethylene glycol 
chain (-CHjCHJO-), and connecting groups obtained by combining these connecting groups. These connecting 
groups preferably exhibit liquid crystallinity when mixed with the liqu id crystal material. Therefore, a connecting 
group having a length with 6 or more bonds from the poiymerizable functional group to a rigid portion of the 
liquid crystal molecule is particularly preferred. Furthermore, LC is a liquid crystalline compound which is a 
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compound represented by the following Formula 2 or a cholesterol ring and its derivatives: 

D-E-G (2) 

In the case of a rnonof unctional material, in the above formula, 6 Is a polar group allowing the dielectric 
constant anisotropy of liquid crystal and the like to be exhibited, such as a benzene ring, a cyclohexane ring, 
a paradiphenyt ring, and a phenylcydohexane ring having a functional group such as -CN-, -OCHs, -F, -CI. 
-OCF* -OCCIs, -H. and -R (R; alkyl group). E is a functional group connecting D with G, such as a single bond, 
-CHs-, -CH 2 CHr, -O-, -C=C-. and -CH=CH-. D is a functional group connected to B in Formula 1, which is a 
portion affecting the level of anisotropy of dielectric constant and anisotropy of refractive index. Examples of 
such a functional group include a paraphenyl ring, 1,10-diphenyl ring, 1,4-cyclohexane ring, and 1,10-phenyl- 
cyclohexane ring. 

In the case of a multi-functional liquid crystal material having 2 or more functional groups, LC in Formula 
1 is preferably an oblong rigid material. Examples of the oblong rigid material include molecules such as a dh 
phenyl ring, a terphenyl ring, and a phenylcycJohaxane ring. These molecules are not required to be symmetric 
and a structure obtained by combining these rings can be used. 

(Mixed ratio between liquid crystal and pofymerizable material) 

The mixing weight ratio between the liquid crystal and the polymerizable compound is varied depending 
upon the size of a pixel. The weight ratio between the liquid crystal and the polymerizable compound is pre- 
ferably 50:50 to 97:3, and more preferably 70:30 to 90:10. When the proportion of the liquid crystal material is 
less than 50% by weight, the effect of the resin walls 1 6 is enhanced to remarkably Increase the driving voltage 
of a display cell. As a result, the practical ap pi ication is lost When the proportion of the liquid crystal material 
exceeds 97% by weight, the physical strength of the polymer walls 16 decreases, making it Impossible to obtain 
stable performance. Furthermore, regarding the weight ratio between the liquid crystalline compound and the 
non-liquid crystalline polymerizable compound, the liquid crystalline compound is preferably 0.5% by weight 
or more as long as the above range of the weight ratio Is maintained. 

(UV-rays irradiation distribution) 

For exactly transferring the shape of a photomask to the mixture of liquid crystal and photopofymerizable 
material, a method for providing a UV-rays irradiation distribution is important It Is desirable that a uniform 
UV-rays irradiation distribution is provided by using a photomask, a microlens, an interfering plate, and the 
like. The photomask can be positioned either inside or outside of the ceil as long as the uniform UV-rays irra- 
diation distribution can be provided. 

The photomask is desirably placed closer to the mixture of liquid crystal and photopoJymenzable material. 
When the photomask is placed for away from the cell, the transferred image of the photomask is blurred to 
decrease the effect of the present invention. A light source of UV-rays preferably has a structure capable of 
generating collimatBd light beams. 

According to the experimental results of the present Inventors, when a photomask which forms a weak 
light irradiated region which is 30% or less of a pixel is used, a liquid crystal droplet to be formed also becomes 
30% or less of the pixel, and a number of interfaces between the liquid crystal and the polymer are formed 
within each pixel, resulting in lowered contrast due to light scattering. A photomask, which can form a weak 
light irradiated region larger than the pixel, that is, which forms very few interlaces between the liquid crystal 
and the polymer In the pixel, is preferred. More specifically, a photomask which allows UV-rays to be irradiated 
to only portions other than pixels is preferred. 

In a mode of the present invention using no light scattering between the polymer and the liquid crystal 
material, the weak light irradiating regions of the photomask preferably covers 30% or more of each pixel and 
locally decreases the intensity of UV-rays. Although there is no special limit according to the present invention, 
examples of the configuration of the weak light irradiating region include a circle, a square, a trapezoid, a rec- 
tangle, a hexagon, a diamond shape, a letter shape, a shape obtained by using a curve and/or a straight line; 
shapes obtained by deleting a part of these configurations; shapes obtained by combining these configura- 
tions; and an assembly of these configurations. 

Furthermore, a photomask or the like, which makes a pixel a weak I ight irradiated region, is preferred, since 
such a photomask decreases scattering intensity in the pixel and increases contrast of the liquid crystal display 
device. 

In the examples according to the present invention, one kind or more configurations can be used. For im- 
proving the uniformity of the size of a liquid crystal droplet one kind of configuration is preferred. 

One of the features of the present invention is that the resin walls 16 are uniformly arranged In the hori- 
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zontcd direction, that is, arranged along the pixels. Thus, the position of the weak light irradiating regions of 
the photomask plays an important role. The weak light irradiating regions are positioned so as to match with 
the pitch of the pixels, and desirably positioned so that one weak light irradiating region corresponds to one 
pixel. One weak light irradiating region can be positioned over a plurality of pixels. The weak light irradiating 

5 regions can be positioned per column or over the entire group of a plurality of pixels. 

For measuring the configuration of a liquid crystal droplet a polarization microscope is used. The cell is 
peeled into two substrates, the liquid crystal molecules are removed with a solvent, and the remaining polymer 
matrix is measured. Since some liquid crystal droplets are damaged during the production of a sample, 20 liquid 
crystal droplets maintaining the most excellent configuration are selected for observation. Thus, the same uni- 

io formity as that of the liquid crystal droplets is required for the photomask. 

The weak light Irradiating regions of the photomask are not required to be formed independently and can 
be connected at the ends thereof, as long as the regions most effectively shielding UV-rays have the above- 
mentioned configuration and arrangement A cell fabricated by using this method is combined with polarizing 
plates to form a liquid crystal display device in which liquid crystal molecules are confined in polymer walls or 

16 partially partitioned by the polymer wails. Such a liquid crystal display device can be used as a large screen, 
a film, and the like. In addition, as a substrate material for the liquid crystal display device, a film and a silicon 
substrate as wed as glass can be used. 

(Disciination line) 

20 

In general, in the liquid crystal display device in which liquid crystal molecules are radially oriented, the 
liquid crystal molecules are not oriented in one direction, so that distortion is caused between the molecules. 
In particular, disciination lines are formed In the vicinity of the interfaces between the polymer and the liquid 
crystal regions under the application of a voltage so as to surround liquid crystal domains. According to the 
23 present invention, liquid crystal regions larger than the pixel regions are formed, and the Interfaces between 
the polymer and the liquid crystal regions are light-shielded with the black mask 8, as shown in Figure 1. This 
results in a liquid crystal display device in which the disciination lines are not present in the pixel regions and 
which has excellent viewing angle characteristics. 

30 (Driving method) 

The cell thus produced can be driven by a simple matrix drive method, or an active matrix drive method 
using a switching device such as a TFT and an MIM. According to the present invention, there is no special 
limit to the driving method. 

35 The liquid crystal display device 1 produced as described above Is observed with a polarizing microscope, 

indicating that almost one liquid crystal domain 25 is present in each pixel and a schlleren texture which is 
seen when the liquid crystal molecules are radially or concentrically oriented in each liquid crystal domain 25 
is observed, as shown In Figures 6 and 7. In Figures 6 and 7, liquid crystal molecules are denoted by the ref- 
erence numeral 27. 

40 The cell is peeled into two substrates in liquid nitrogen, the liquid crystal material is washed with acetone, 

and the polymeric material remaining on the substrate after being dried is observed with a laser microscope. 
As shown in Figure 8, this observation reveals that concentric lines 26 (mountain made of broken lines) are 
formed with respect to the center. More specifically, the polymeric material has a conical hill-shaped structure, 
in which one light-shielded portion has thick ends and its thickness becomes smaller toward the center. 

46 This conical hill-shaped structure is obtained as follows. 

The photopotymenzable material is cured in each light-transmitted portions, the concentration of the pho- 
topolymerizable material is decreased in the light-transmitted portion, the photoporyrnerizabie material moves 
along a concentration gradient from the center to the ends of the light-shielded portion, and the photopoly* 
merizable material is partially polymerized with tight leaked into the light-shielded portion while the photopo- 

50 rymerizable material moves. In the present example, a thin film having such a structure is automatically formed 
by light irradiation, and thus, the steps are industrially simplified. The cell thus produced is observed with a 
polarizing microscope under the application of a voltage, indicating that disciination lines are formed at the ex- 
ternal periphery of the liquid crystal domains. When the voltage is saturated, the disciination lines disappear. 
The electro-optic characteristics of the cell thus produced are shown in Table 1 and Figure 9. As understood 

55 from the characteristics shown in Table 1 and Figure 9 and those of Comparative Example 1 shown In Figure 
10 described later, unlike a TN cell of Comparative Example 1, no reverse contrast viewing is observed in the 
cell of the present invention. In addition, the increase In light transmfttance in a high viewing direction at the 
time of the saturation of a voltage is not observed in the cell of the present invention. In this measurement, it 
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Is assumed that light transmittal nee in the case of using two parallel polarizing plates (i.e., polarizing plates 
disposed so that the respective polarizing directions are parallel with each other) is 100%. 

In Table 1, a state in which the reverse contrast viewing is not observed is represented by O ; a state In 
which the reverse contrast viewing is easily observed Is represented by x ; and a stats in which the reverse 
a contrast viewing is barely observed is represented by A . in the other tables, the same marks will be used. 



Table 1 





Example 1 


Comparative Example 1 


Transmlttance under the application of no voltage (%) 


53 


83 


Reverse contrast viewing in gray-scale display 


o 


X 



16 Comparative Example 1 

The same alignment films as those of Example 1 were formed on the substrates. Both of the substrates 
were subjected to rubbing treatment with a nylon cloth. Then, the substrates were attached to each other so 
that the alignment directions were orthogonal to each other in the same way as in Example 1 . Liquid crystal 
20 material ZLW792 (containing 0.4% by weight of S-81 1) which is the same as that used in Example 1 was In- 
jected Into the cell thus fabricated. Thereafter, crossed polarizing plates were attached to both sides of the cell 
to produce a conventional TN cell. 

The electro-optic characteristics of the TN cell are shown in Table 1, and the viewing angle characteristics 
are shown in Figure 10. 

25 

Example 2 

Another example of the present invention will be described. 

A cell was fabricated using a counter substrata having a color filter 10 as shown in Figure 11 and a TFT 
30 substrate having a black mask 24 with light-transmitting portions 29 on Its surface as shown in Figure 12 so 
as to have a cell gap of 5.0 pm. 

The same mixture as that of Example 1 was injected into the cell thus fabricated, and the cell was irradiated 
using the color filter in the cell as a mask with UNA rays in the same way as in Example 1 so that the mixture 
was cured by self-alignment The cell was observed with a polarizing microscope, indicating that each entire 
35 pixel was occupied with a mono-domain, and liquid crystal molecules were concentrically oriented in each do- 
main. 

Two crossed polarizing plates were attached to both skies of the cell thus fabricated to obtain a liquid crystal 
display device according to the present invention. The light transmit tance of the cell under the application of 
no voltage is shown in Table 2. In this measurement, it is assumed that the light transmlttance of a cell using 
40 two parallel polarizing plates (cell into which a liquid crystal material is not injected) is 100%. 



Table 2 





Example 2 


Comparative Example 2 


Transmlttance under the application of no voltage (%) 


71 


20 


Inversion phenomenon in gray-scale display 


o 


X 



Comparative Example 2 

A cell was fabricated In the same way as In Example 1 . The same mixture as that of Example 1 was Injected 
into the cefl, and the cell was Irradiated with UV-rays in the same way as In Example 1 without using a photo- 
mask. Polarizing plates were attached to both sides of the cell to obtain a polymer-dispersed liquid crystal dis- 
play device. The electro-optic effects of the cell thus fabricated are shown In Table Z 

In Comparative Example 2, liquid crystal regions In the form of particles were formed, resulting In an en- 
tirely rough display. 
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The inventors of the present invention found that in the liquid crystal display device 1 having the structure 
in the above-mentioned respective examples, produced by the method for producing in the above-mentioned 
respective examples, the light transmittance of the device 1 can be remarkably improved by optimizing the 
twist angle of liquid crystal. 

5 (1) The product A n-d of anisotropy of refractive index A n of the liquid crystal material and a cell gap d 

thereof is desirably in the range of 300 nm to 650 nm. 

(2) When the display medium layer 14 is formed between the substrates 12and 13, the twist angle of liquid 
crystal molecules In the liquid crystal region 17 in the display medium layer 14 is desirably in the range of 
46° to 160°. 

io According to the present invention, in the liquid crystal display device 1 having liquid crystal regions 17 

partitioned by the resin walls 16. each liquid crystal region 1 7 includes the fewest number of liquid crystal do- 
mains, and the liquid crystal molecules in each liquid crystal domain are radially or concentrically oriented. 
Thus, the disclination lines 18 can be prevented from being formed in the pixel regions 22 and 22a as much 
as possible, and the liquid crystal display device 1 will have excellent viewing angle characteristics with high 

is contrast 

Hereinafter, the liquid crystal display device 1 with the optimized A n-d characteristic and twist angle of 
the liquid crystal region 17 wfQ be described In detail. 

(Optimum conditions of A n-d characteristic) 

20 

It was found that by varying the A n-d characteristic of the liquid crystal region 17 in the liquid crystal display 
device 1 of each example, the light transmit tance of the device 1 under the application of no voltage is changed 
and reaches a local maximum value when the A n-d characteristic is In the vicinity of 450 nm. In the present 
example, the liquid crystal regions 17 have a structure of a mono-domain containing no resin walls 16 of a 
25 polymeric material or a multi-domain which is not partitioned by the resin walls 16 of a polymeric material. 

Figure 13 shows the relationship between the A n-d characteristic and light transmittance. A curve 31 rep- 
resents light transmittance of the liquid crystal display device 1 of the present example. A curve 32 represents 
light transmittance of the conventional liquid crystal display device in which the pixel regions contain a plurality 
of conventional liquid crystal regions partitioned by the polymer walls, a polymer Island made of polymer resin 
30 Is present at the center of each pixel region, and liquid crystal domains are radially or concentrically arranged 
in the liquid crystal portion. 

As shown in Figure 13. in the present example, the light transmittance is remarkably improved. 
For this reason, a wider range of A n-d characteristic can be used in the liquid crystal display device 1 of 
the present example. The A n-d characteristic is preferably in the range of 300 nm to 650 nm. and more pre- 
ss feraMy in the range of 400 nm to 500 nm. As represented by the curve 31 of Figure 13, in this range, the light 
transmittance becomes maximum and the curve 31 becomes relatively flat 

According to the experiments of the inventors of the present invention, when the A n-d characteristic is 
less than 300 nm. light transmittance decreases and a bluish display is obtained. When the A n-d characteristic 
is more than 650 nm. light transmittance decreases and a reddish display is obtained. This can be understood 
40 from the curves 33. 34, 35, and 36 in Figure 14. The curves 33, 34, and 35 represent the change in light trans- 
mittance in the case where the A n-d characteristic is varied for each wavelength of light (Red : 650 nm, Green: 
550 run, Blue: 450 nm). The curve 36 represents the average of light transmittance of the curves 33 to 35. 
Figure 14 shows the light transmittance of the liquid crystal display device 1 measured with a light beam with 
each wavelength, in the case where liquid crystal molecules are radially oriented. 
45 As understood from Figure 14, when the A n-d characteristic decreases, light transmittance of blue color 

becomes high, and light transmittance of green and red colors becomes low. As a result, an entirely bluish dark 
display is obtained. When the A n-d characteristic is more than 650nm, a reddish dark display is obtained. 

(Optimum conditions of the twist angle of the liquid crystal) 

so 

When a chiraJ agent or the like Is added to the liquid crystal material of the liquid crystal display device 1 
of the present example to twist liquid crystal , light transmission due to the birefringence effect, as well as light 
transmission due to optical rotatory power, are caused, resulting in the improvement of overall light transmit- 
tance of the liquid crystal display device 1 . 
S5 Figure 1 5 shows the change in light transmittance between the upper and lower substrates 12 and 13 with 

the liquid crystal material interposed therebetween. It Is understood from Figure 15 that the light transmittance 
has the maximum value at a twist angle of 00°. 

In the present example, the liquid crystal display device 1 is sandwiched between two polarizing plates 
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arranged in crossed Nicols. Thus, a twist angle of 90° is most suitable for the liquid crystal display device 1, 
since polarizing axes of the two polarizing plates cross at an angle of 90°. The twist angle is preferably in the 
range of 45° to 150°. When the twist angle is In the range of 70° to 120°, the liquid crystal display device 1 
with a bright display can be obtained. 
5 . Hereinafter, construction examples according to the present Invention wifl be described; however, the pres- 
ent invention is not limited to these construction examples. 

Construction Examples 1, 2, 3, and 4 and Comparative Examples 3, 4, and 5 

10 Examples 1 and 2 will be described based on Construction Examples 1 to 4 together with Comparative 

Examples 3 to 5. 

Cells were fabricated respectively using two glass substrates (e.g., each having a thickness of 1.1 mm) 
each having an UO transparent electrode (e.g., having a thickness of 50 nm). Spacers were injected into the 
respective ceils so as to obtain a cell gap d of 2.2 urn (Comparative Example 3), 3.1 urn (Comparative Example 
is 4). 4.2 urn (Construction Example 1 ), 4.8 \an (Construction Example 2), 5.3 urn (Construction Example 3), 6.4 
urn (Construction Example 4). and 7.5 urn (Comparative Example 5). 

A photomask 15a shown in Figure 16 was placed on each cell thus fabricated, and the following mixture 
was injected Into each cell in a transparent state (35°C). The mixture was prepared by mixing 0.1 g of R-684 
(manufactured by Nippon Kayaku Co., Ltd.). 0.05 g of p-phenyistyrene, 0.425 g of isobornyl methacrylate, 
20 0425 g of isobornyl acrylate, 4 g of liquid crystal material ZU-4792 (manufactured by Merck & Co., Inc.: the 
twist angle of liquid crystal was adjusted to 90°), and 0.026 g of photopolymertzation initiator (I rg a cure 651). 

Under the condition of the same temperature, each eel was Irradiated with coDimated light beams at 10 
mW/crn 2 using a high-pressure mercury lamp through a dot pattern of the photomask 15a for one second, and 
the cell was allowed to stand for 30 seconds without Irradiation. This cycle was repeated 20 times. Then, the 
25 cell was irradiated with UV-rays for 10 minutes to cure the resin. 

After the resin was cured, each cell was observed with a polarizing microscope, indicating that the liquid 
crystal domains having the same uniform pattern as that of the dot pattern of the photomask 15a, that is, the 
same uniform pattern as that of the pixels were formed. In Comparative Examples 3 and 4, since the cell gap 
is small, when the liquid crystal material and the polymeric material are phase-separated from each other, the 
30 polymeric material cannot move to the light-Irradiated portions. Because of this, the polymeric material remains 
in the pixel regions 22. This causes problems as described in the background section of the specification. 

Next, two crossed- polarizing plates were attached to both sides of the display cell to fabricate a liquid crys- 
tal display device having a plurality of liquid crystal regions 17 in each pixel region 22 partitioned by the resin 
walls 16. The liquid crystal display device thus produced was observed with a polarizing microscope, Indicating 
35 that almost one liquid crystal domain was present in each pixel, and a schiieren pattern of Figure 17, which 
was seen in the case where the liquid crystal molecules were radially or concentrically oriented in each liquid 
crystal domain, was formed. The electro-optic characteristics of the cell are shown in Figure 1 3. In this meas- 
urement, it is assumed that light transmit tance in the case of using two parallel polarizing plates is 100%. 
The above-mentioned ceils in Construction Examples 1 to 4 and Comparative Examples 3 to 5 have ex- 
40 eel lent viewing angle characteristics and have no problem of reverse contrast viewing caused in the TN ceil. 

Construction Examples 5. 6, 7, and 8 and Comparative Examples 6, 7, and 6 

Examples 1 and 2 will be described based on Construction Examples 5 to 8 together with Comparative 
45 Examples 6 to 8. 

In Construction Examples 5, 6, 7, and 8 and Comparative Examples 6, 7, and 8, cells were fabricated in 
the same way as in the above-mentioned examples, except that a cell gap between the two substrates 1 2 and 
13 was set to be 4.8 urn. As shown in Table 3, the twist angles of liquid crystal molecules in the liquid crystal 
region 17 were changed by varying the amount of chiral i iquid crystal to be added to the liquid crystal material. 



55 



15 



EP 0 634 685 A2 



Table 3 





Comparative 
example 6 


Comparative 
example 7 


Construction 
example 6 


Construction 
example 6 


Construction 
example 7 


Construction 
example 6 


Comparative 
examples 


Twist 
angjs 
(degree) 


0 


30 


60 


90 


120 


150 


160 



10 Liquid crystal display devices 1 were produced by using the same material and method for production as 

those In Construction Examples 1 to 4. Light transmit tanca of the liquid crystal display devices 1 was plotted 
with respect to a twist angle In Figure 1 5. For practical use of the liquid crystal display devices 1 , the light trans- 
mittanca is required to be about 40% or more, considering the ability of a back light As understood from Figure 
15, the light transmlttance In Comparative Examples 6 to 8 Is less than 40%, while that in Construction Ex- 

is amples 5 to 8 is 40% or more. Thus, the liquid crystal display devices 1 in Construction Examples 5 to 8 are 
excellent in contrast 

The above-mentioned liquid crystal display devices 1 in Construction Examples 5 to 8 and Comparative 
Examples 6 to 8 have excellent viewing angle characteristics and have no problems of reverse contrast viewing 
caused in the TN cell. 

20 Separately, liquid crystal display devices 1 were produced in the same way as in Construction Examples 

1 to 4 and Comparative Examples 3 to 5, except that a photomask 15b as shown in Figure 18 was used. The 
liquid crystal display devices thus produced were observed in crossed NicoJs with a polarizing microscope, 
indicating that a polymer island 40 made of a polymeric material remained at the center of each pixel region 
22 and each pixel region 22 is partitioned by a resin wall 16, as shown in Figure 19. 

25 Then, two crossed polarizing piatea were attached to both sides of each liquid crystal display device. Light 

transmittance of the liquid crystal display devices is represented by a curve 32 in Figure 13. 

As understood from Figure 13, when the polymeric material enters each pixel region 22 as the polymer 
island 40 or the like, the suitable range of A n-d becomes narrow. 

30 Example 3 

The present example shows a liquid crystal display device capable of being driven at a low voltage. In the 
liquid crystal display device, it is desirable that a liquid crystal material to be driven has a low viscosity and a 
large dielectric constant anisotropy. The viscosity u is preferably 50 mPa-s or less at 20°C, more preferably 
35 20 mPa-s or less. In addition, the dielectric constant anisotropy As at 20° Is preferably +3(1 kHz), more prefer- 
ably +5(1 kHz) or more. 

Construction Example 9 

40 Example 3 will be described based on Construction Example 9. 

First, 200 electrode lines 3 and 4 made of ITO were formed on substrates 1 and 2 made of flint glass (man- 
ufactured by Nippon Sheet Glass Co., Ltd.) each having a thickness of 1 .1 mm. The electrode lines 3 and 4 
were formed with a thickness of 50 nm and a width of 200 um at a distance of 50 from each other. The 
substrates 1 and 2 were attached to each other so that the electrode lines 3 and 4 faced each other with a 
45 spacer having a particle size of 6 um interposed therebetween. 

As a photopolymerizable compound, a mixture containing 0.1 g of trimethylol propane trimethacrylate, 0.4 
g of 2-ethylhexyl acrylate, and 0.5 g of isobornyt acrylate was used. As a liquid crystal, a mixture obtained by 
adding 0.3% CN (cholestatic nonalate) to ZU-4792 (manufactured by Merck & Co., Inc.) having a viscosity u 
of 15 mPa-s at 20°C and a dielectric constant anisotropy Ae of +5.2 was used. The photopolymertzable com- 
fit) pound, the liquid crystal, and 0.1 g of photopolymerization initiator (Irgacure 184) were Injected into the cell. 

The photomask 15c shown In Figure 20 was placed on the cell, and the cell was Irradiated with col II mated 
UV-rays by a high-pressure mercury lamp at 10 mW/cm 2 for 10 minutes to cure the photopolymertzable com- 
pound. 

Finally, crossed polarizing plates were attached to both sides of the cell, resulting In a liquid crystal display 
53 device which is excellent In viewing angle characteristics and is capable of being driven at a low voltage. The 
driving voltage is shown in Table 4 together with that of Comparative Example 9. 
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Comparative Example 9 

A cell and a photopcJymerizable compound were produced In the same way ae in Construction Example 
9. As the liquid crystal. 4 g of a mixture obtained by adding 0.4% CN to ZU-2244-1 00 (Merck & Co.. Inc.) having 
6 a viscosity n of 31 mPa-s at 20°C and a dielectric constant anisotropy As of +2.4 was used. The photopoly- 
merizable compound, the liquid crystal, and 0.1 g of photopolymerization initiator (Irgacure 164) were mixed 
and injected into the cell. The cell thus obtained was irradiated with UV-rays through a photomask under the 
same conditions as above. Thereafter, crossed polarizing plates were attached to both sides of the cell. 



Table 4 



Driving voltage of display device and viscosity n, dielectric constant anisotropy As of liquid crystal to be 
used 




Driving voltage (V) 


rtmPa-s (20 °C)) 


As (20 °C, 1kHz) 


Construction example 9 


4.6 


15 


+5.2 


Comparative example 9 


7.9 


31 


+Z4 



20 The driving voltage used herein refers to voltage required for light transmittance of the liquid crystal display 

device to be 1 0% of light transmittance obtained under the application of no voltage. 

Construction Example 10 

25 Example 3 will be described based on Construction Example 10. A liquid crystal display device was pro- 

duced as follows. 

A cell and a photopolymertzable compound were produced in the same way as in Construction Example 
9. As liquid crystal. 4 g of mixture obtained by adding 0.3% CN to ZU-5091 (Merck & Co., Inc.) having V 1ft of 
1.83V was used. The photopolymertzabie compound, the liquid crystal, and 0.1 g of photopolymerization Inl- 
30 t later (Irgacure 651) were mixed and injected into the cell. The cell thus obtained was irradiated with UV-rays 
through a photomask under the same conditions as above. Thereafter, crossed polarizing plates were attached 
to both sides of the cell. A3 a result a liquid crystal display device having excellent viewing angle character- 
istics, which is capable of being driven at a low voltage was obtained. The driving voltage is shown in Table 5 
together with the result of Comparative Example 10. 

35 

Comparative Example 10 

A cell and a photopoJymerizable compound were produced in the same way as in Construction Example 
9. As liquid crystal, 4 g of mixture obtained by adding 0.3% CN to ZU-4749 (manufactured by Merck & Co., 
*o inc.) having V i0 of 2.23V was used. The photopoJymerizable compound, the liquid crystal, and 0.1 g of photo- 
polymerization initiator (Irgacure 651) were mixed and injected into the ceil. The cell was irradiated through a 
photomask with UV-rays under the same conditions as the above. Thereafter, crossed polarizing plates were 
attached to both sides of the cell. 

46 Table 5 



Driving voltage of liquid crystal display device and V 10 of liquid crystal 
to be used 




Driving voltage (V) 


V 10 (V) 


Construction Example 10 


4.3 


1.83 


Comparative Example 1 0 


6.1 


2.23 



55 TTie driving voltage used herein refers to a voltage required for light transmittance of the liquid crystal dis- 

play device to be 1 0% of light transmittance obtained under the application of no voltage. In Table 5, V 10 refers 
to a value obtained by measuring as follows. 

An ITO film was formed on two 7059 glasses (manufactured by Corning Co., Ltd.) to a thickness of 100 
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nm so that overlapped ITO film portion be 1 cm x 1 cm when two 7059 glasses were attached to each other. 
Then, an alignment film optomer AL-1051 (manufactured by Japan Synthetic Rubber Co., Ltd.) was coated 
onto the electrode side of the respective substrates. The alignment films thus formed were subjected to rubbing 
treatment with a nylon cloth. The substrates were attached to each other so that the rubbed surfaces faced 

5 each other in an orthogonal relationshfr. At this time, the substrates were attached to each other with plastic 
beads interposed therebetween so as to have a ceil gap of 5.5 urn. Thereafter, a sample of the liquid crystal 
was injected into the cell, and crossed polarizing plates were attached to both sides of the cell. The cell thus 
obtained was measured for voltage-light transmit tance (NAT) characteristic by using Photal (IMCU-7000) man- 
ufactured by Ohtsuka Denshl Co., Ltd. at 25°C. At this time, a voltage at which the light transmittance became 

10 90% of that of the initial state was assumed to be V 10 . 

As described above, when a liquid crystal display device using polarizing plates is produced by using a 
liquid crystal satisfying the conditions described in the present example to uniformly phase-separate the liquid 
crystal and the polymer material, the liquid crystal display device can be driven with a low driving voltage. 
At present, the voltage which can be applied to a generally used IC for driving a TFT is up to 7 V. Under 

16 this circumstance, in the display devices In Comparative Examples 9 and 10, a sufficient black level cannot 
be obtained, resulting in low contrast However, when the liquid crystal used In the present example is used, 
a relatively sufficient black level can be obtained with a driving voltage of 7 V, thus resulting in satisfactory 
contrast 

20 Example 4 

A liquid crystal display device with remarkably Improved light transmittance will be described. 

In the present example, II was found that by varying the A n d characteristic in the range of 700 nm to 1 500 
nm with a twist angle of the liquid crystal material kept at 90°, light transmittance is changed to reach a local 
25 maximum value at 1250 nm. 

Likewise, it was found that by varying the A n d characteristic in the range of 200 nm to 1 000 nm with a 
twist angle of the liquid crystal material kept at 270°, light transmittance is changed to reach a local maximum 
value at 650 nm. 

Likewise, ft was found that by varying the twist angle of the liquid crystal material in the range of 1 80° to 
30 360° with the A n-d characteristic kept at 650 nm, light transmittance is changed to reach a local maximum 
value at 270°. 

Construction Examples 11. 12. 13, and 14 and Comparative Examples 11, 12, 13, and 14 

35 Example 4 will be described based on Construction Examples 11 to 14. Comparative Examples 11 to 14 
will be described together. 

Ceils were fabricated respectively using two glass substrates (e.g., each having a thickness of 1.1 mm) 
each having an ITO transparent electrode (e.g., having a thickness of 50 nm). Spacers were injected Into the 
respective cells so as to obtain a cell gap d of 7.4 um (Comparative Example 11), 9.5 urn (Comparative Example 

12) , 10.8 jim (Construction Example 11), 11.7 um (Construction Example 12), 13.2 urn (Construction Example 

13) , 14.6 um (Construction Example 14), 15.4 um 

(Comparative Example 13), and 15.9 um (Comparative Example 14). 

45 Then, 0.1 g of R-684 (manufactured by Nippon Kayaku Co., Ltd.), x g of p- phenyl styrene, 0.425 g of iso- 

bornyl methacrytate, y g of isobornyl acrylata, 4 g of liquid crystal materia] ZLM792 (with S-811 added so that 
a twist angle of liquid crystal between the su bstrates be 90° in accordance with the respective cells), and 0.025 
g of photopdymerization initiator (Irgacure 651) were mixed. These mixtures were injected into the respective 
cells in a transparent state at 35°C. Then, the photomask 15a shown In Figure 16 was placed on each cell. 

50 Under the condition of the same temperature, each display cell was irradiated with colli mated light beams 
at 1 0 mW/cm 2 using a high-pressure mercury lamp through the photomask 15a for one second, and the display 
cell was allowed to stand for 30 seconds without the irradiation. This cycle was repeated 20 times. Then, the 
display cell was irradiated with UV-rays for i 0 minutes to cure the resin. The amount of x and y were determined 
as follows: 

55 
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Table 6 





xtg] 




Comparative Example 11 


0.050 


0.425 


Comparative Example 12 


0.050 


0.425 


Construction Example 11 


0.025 


0.450 


Construction Example 12 


0.025 


0.450 


Construction Example 13 


0.025 


0.450 


Construction Example 14 


0.025 


0.450 


Comparative Example 13 


0.013 


0.462 


Comparative Example 14 


0.013 


0.462 



As shown In Table 6, when the proportion of p-phenytetyrene is reduced as the cell gap becomes larger, 
the phase separation between the liquid crystal material and the polymer Is smoothly effected and liquid crystal 
regions having the uniformity close to that of the photomask are formed. 

The cell thus produced was observed with a polarizing microscope, indicating that liquid crystal domains 
wfth the same uniformity as that of the photomask were formed. In addition, the same schlieren texture as 
that shown in Figure 3 was observed. In Construction Examples 11 to 14, and Comparative Examples 11 to 
14, liquid crystal domains with more satisfactory uniformity were observed, compared with Construction Ex- 
amples 1 to 4. and Comparative Examples 3 to 5 in the case where A n-d characteristic was set to be 300 to 
650 |im. The reason for this is as follows. 

The ceil gaps in Construction Examples 11 to 14, and Comparative Examples 11 to 14 are larger compared 
with those in Construction Examples 1 to 4, and Comparative Examples 3 to 5. Therefore, the resin easily dis- 
perses during the phase separation between the liquid crystal and the resin, caused by the UV-rays curing of 
resin, and the uniformity of the polymer walls was in better agreement with the uniformity of the photomask, 

Light tra remittance of each ceil under the application of no voltage is shown in Figure 21. In Figure 21, 
the twist angle of each ceil was set to be 90°. In this measurement, it is assumed that light transmittance in 
the case of using two parallel polarizing plates is 100%. 

Each cell in Construction Examples 1 1 to 14. and Comparative Examples 11 to 14 was excellent in viewing 
angle characteristics and had no reverse contrast viewing problems caused in the TN cell. 

As understood from Figure 21 , the liquid crystal display devices of Construction Examples 11 to 14 have 
the following relationship between light transmittance and the A n-d characteristic In the case where the twist 
angle of the liquid crystal material in the cell is 90°, light transmittance decreases at the A n-d characteristic 
of more than 650 nm, and increases at the A n-d characteristic in the range of 700 nm to 1500 nm. In the case 
of optimizing the value A n-d In this range, when the A n-d characteristic is 1,000 nm or less or 1400 nm or 
more, light transmittance decreases, and reddish (700 nm to BOO nm. 1400 nm to 1500 nm), bluish (800 nm 
to 900 nm), and greenish (900 nm to 1 000 nm) displays are obtained. Thus, this range is not suitable for the 
liquid crystal display device. 

For the above reasons, in the case where the A n-d characteristic is in the range of 700 nm to 1500 nm, 
the A n-d characteristic to be used for the liquid crystal display device is preferably in the range of 1000 nm to 
1400 nm, more preferably in the range of 1100 nm to 1300 nm. 

Thus, In the liquid crystal display device having the liquid crystal regions partitioned by the resin walls, it 
is preferred that the product of the anisotropy of refractive Index A n and the ceD gap d is set to be in the range 
of 1000 nm to 1400 nm, and the twist angle of liquid crystal between the substrates when the liquid crystal 
material is injected into the ceD is set to be in the range of 45° to 1 50°. 

Construction Examples 15, 16, 17, and 16, and Comparative Examples 16, 16, 17, and 16 

Example 4 will be described based on Construction Examples 15 to 1 a 

A mixture containing liquid crystal and a poJymertzaWe material was prepared using the following compo- 
sition by the methods in Construction Examples 11 to 14 and Comparative Examples 11 to 14. 
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Table 7 



6 



10 





Liquid 
crystal 


Potymerfzable material 


PhGtoporymertzatlon 
Initiator 


ZU-4792 + 
S811 


p-phenylstyrene 


Isobornyl 
methacrylate 


Isobornyl 
acrylate 


R684 


Irgacure 651 


Weight 

(0) 


4.00 


0.050 


0.425 


0.425 


0.10 


0.025 



The proportion of a chiral agent (S811) In the liquid crystal was determined In accordance with each cell 
gap so that the twist angle of liquid crystal be 270°. 

Each cell was produced in the same way as in Construction Examples 1 1 to 1 4 and Comparative Examples 
16 1 1 to 1 4. The cefl gap of each example was determined as shown In Table 8. As a result, the A n-d characteristic 
of each cell was obtained as shown in Table 8. 



Table 8 
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CcfnparaHvB 
example 15 


Corrparafive 
example 16 


Construction 
example 15 


Construction 
example 16 


CcnsbucScfi 
Mmpte17 


Construction 
GKampie18 


Comparative 
example 17 


Ccmparatfaa 
example 18 


25 


Cell 
gap 
(urn) 


2.1 


42 


5.8 


6.9 


7.6 


8.5 


9.5 


10.6 


An-d 
(nm) 




















198 


396 


548 


651 


717 


802 


897 


1001 



Thereafter, the mixture was Injected into each cell and exposed to UV-rays through a photomask to cure 
30 the pdymerizable material in the same way as in Construction Examples 1 1 to 1 4 and Comparative Examples 
11 to 14. 

The respective cells thus fabricated were observed with a polarizing microscope, indicating that liquid crys- 
tal domains with the same uniformity as that of the photomask were formed. In addition, a schlieren texture 
as shown in Figure 3 was observed. In Comparative Example 15, since the cell gap was small, the polymer- 
ss cable material did not move from the non-irradiated regions to the irradiated regions, and the polymer remained 
in each pixel. 

Furthermore, the dependence of light transmftance on the A n d characteristic was measured as shown 
in Figure 22 by the same method as that of Construction Examples 11 to 14, and Comparative Examples 11 
to 14. The twist angle of each cell in Figure 22 was set to be 270°. Each cell had excellent viewing angle char- 
to acteristics and had no problems of reverse contrast viewing caused in the TN ceil. 

As understood from Figure 22, in each of the liquid crystal display devices having a twist angle of the liquid 
crystal material of 270° in the cell, when the A n-d characteristic was varied in the range of 200 nm to 1000 
nm, light transmittance decreased at 550 nm or less or 800 nm or more, and bluish (200 run to 550 nm), and 
reddish (800 nm to 1 000 nm) displays were obtained. Thus, this range Is not suitable tor the liquid crystal display 
45 device. 

For this reason, in the case where the twist angle Is in the vtebitty of 270°, and the A n d characteristic is 
In the range of 200 nm to 1000 nm, the An d characteristic to be used for the liquid crystal display device is 
preferably in the range of 550 nm to 800 nm, more preferably in the range of 600 nm to 750 nm. 

so Construction Examples 19, 20, and 21 and Comparative Examples 19, 20, 21, and 22 

A mixture of liquid crystal and a polymerizable material was prepared using the composition shown in Table 
9 by the methods in Construction Examples 11 to 14 and Comparative Examples 11 to 14. 

55 
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Tables 



5 





Uquld 
crystal 


Polymerizable material 


Photo polymerization 
initiator 


ZLM792tS811 


p-phenylstyrene 


Isobornyl 
mathacryiate 


Isobornyi 
acryiate 


R664 


Irgacure 651 


Weight 

w 


4.00 


0.050 


0.425 


0.425 


0.10 


0.025 



The proportion of a chlral agent (S81 1) in the liquid crystal was determined In accordance with each cell 
gap (6.9 pm) so that the twist angle of liquid crystal was as shown In Table 1 0. 



Table 10 





Oomparativs 
example 19 


Comparative 
example 20 


Construction 
example 19 


Construction 
example 2D 


Construction 
example 21 


Comparative 
example 21 


Compsratlva 
example 22 


Twist angle 
(degree) 


160 


210 


240 


270 


300 


330 


360 



Each cell was produced in the same way as in Construction Examples 11 to 14 and Comparative Examples 
11 to 14. The cell gap of each cell was determined to be 6.9 um. As a result, the A n d characteristic of each 
cell was determined to be 650 nm. 
25 Thereafter, the mixture was injected into each cell and exposed to UV-rays through a photomask to cure 
the polymerizable material In the same way as in Construction Examples 1 1 to 14 and Comparative Examples 
11 to 14. 

The respective ceils thus fabricated were observed with a polarizing microscope, indicating that liquid crys- 
tal domains with the same uniformity as that of the photomask were formed. In addition, a schlieren texture 
30 as shown in Figure 3 was observed. 

Furthermore, the dependence of the light transmittance on the twist angle was measured as shown in Fig- 
ure 23 by the same method as that of Construction Examples 11 to 14, and Comparative Examples 11 to 14. 
In Figure 23, the A n-d characteristic of each cell was set to be 650 nm. Each cefl had excellent viewing angle 
characteristics and had no problems of reverse contrast viewing caused in the TN cell. 
35 As understood from Figure 23, in each of the liquid crystal display devices, when the twist angle was varied 

in the range of 180° to 360° under the condition that the A n-d characteristic was 650 nm, light transmittance 
decreased at 240° or less or 300° or more, and yellowish (1 80° to 210*0 and bluish (330° to 360°) displays were 
obtained. Thus, this range is not suitable for the liquid crystal display device. 

For this reason, in the case where the twist angle is in the range of 1 80° to 360°, and the A n-d characteristic 
40 is in the vicinity of 650 nm, the twist angle to be used for the liquid crystal display device is preferably in the 
range of 240° to 300°, more preferably in the range of 255° to 285°. 

As understood from Construction Examples 15 to 21, it is preferred that the product of the anisotropy of 
refractive index A n of the liquid crystal material and the cell gap d is in the range of 550 nm to 800 nm and 
the twist angle of the liquid crystal between the substrates when the liquid crystal material is injected into the 
45 cell is in the range of 240° to 300°. 

Example 5 

According to the present example, for preventing the aging of a liquid crystal panel and improving the re- 
50 liability thereof, if required, a cut filter or the like for shielding UV-rays having a short wavelength of 300 nm 
or less is placed on the light source side. More specifically, light including no deep UV-rays with high energy 
(wavelength: 300 nm or less) ia irradiated to a liquid crystal cell to effect light phase separation. 

Conventionally, as described above, photopolymertzatton phase separation has been utilized In a method 
for producing a polymer-dispersed liquid crystal device. According to this method, the phase separation is eask 
59 ly controlled, which is very Important for producing a simp] If led device with high precision. However, this meth- 
od Involves the deterioration of display characteristics caused by the irradiation of electromagnetic wave such 
as UV-rays containing a high energy component with a short wavelength. For solving this problem, Japanese 
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LaM- Open Patent Publication No. 4-1 88105 discloses the use of UV-rays including no short wavelength light 
However, Japanese Lald-Open Patent Publication No. 4-1881 OS falls to provide clear definitions of short 
wavelength UV-rays regions with respect to UV-rays absorbing characteristics varied depending upon the kind 
of liquid crystal materials. Furthermore, the Invention disclosed in this publication fails to describe the limitation 

5 of the wavelength of UV-rays with respect tec a color liquid crystal display device having a color filter Involving 
the deterioration due to fading and discoloring caused by high-energy UV-rays; a film liquid crystal device hav- 
ing a plastic substrate with spectral transmission characteristics different from those of a glass substrate; and 
the like. Thus, according to the invention disclosed in this publication, it Is difficult to produce a liquid crystal 
device having excellent reproducibility and satisfactory reliability. 

10 The method for producing a liquid crystal display device according to the present invention uses light with 

a uniform distribution of irradiation degree, having no UV-rays component with a short wavelength such as 
300 nm or less. Because of this, light in a high energy region can be shielded, a side-reaction of the liquid crystal 
materia) and the photopofymerization initiator having an absorption band in a UV-rays portion is suppressed, 
and the deterioration such as fading and discoloring of a color filter having an absorption band in a UV-rays 

is portion and a visible light portion can be remarkably decreased. In particular, in the case of producing a color 
liquid crystal display device, the deterioration of a color filter is a serious problem. This phenomenon is con- 
sidered to be primarily caused by the action of energy such as heat and light with respect to a radical reaction 
of pigment molecules in the cotorf liter, impurity metal Ions, and oxygen. According to the method of the present 
Invention, this phenomenon can be eliminated by shielding short wavelength UV-rays with high energy. 

20 In addition, according to the method of the present invention, the above-mentioned side reaction can be 

suppressed by the photolysis and the like of the photopolymerlzation initiator mixed In the liquid crystal material 
and the pdyrnerizable material. Thus, a decrease in the charge holding ratio of the liquid crystal material can 
be prevented, and a liquid crystal display device having excellent reliability with respect to the reproducibility 
and the display characteristics can be obtained. 

25 

Construction Example 22 

Hereinafter, Example 5 will be described based on Construction Example 23. 

A counter substrate having a color filter 10 and light-transmitting portions 28 as shown in Figure 24 and 
30 a TFT substrate having a black mask 24 with transparent portions 29 as shown In Figure 25 were attached to 
each other so as to produce a liquid crystal cell having a ceil gap of 5.5 urn . 

The same mixture as that of Example 1 was injected Into the cell thus produced. The cell was Irradiated 
with UV-rays by the same light source as that of Example 1, using the color filter 10 as a mask. At this time, 
a UV-rays cut filter "UV-32" (manufactured by HOYA Corporation) having spectral transmission characteristics 
35 shown in Figure 28(a) was attached to the light source so as to shield UV-rays with a wavelength of 300 nm 
or less. Thus, the cell was irradiated In the same way as in Example 1 so that resin is optically cured In a setf- 
aiigned manner. When the ceil was observed with a polarizing microscope, each pixel was almost entirely oc- 
cupied with a mono-domain and the liquid crystal molecules in each domain were concentrically oriented. 
Thereafter, crossed polarizing plates were attached to both sides of the cell to produce a I iquid crystal dis- 
40 play device of the present invention. The light transmit tance and charge holding ratio of the cell under the ap- 
plication of no voltage are shown in Table 11. Here, the charge holding ratio is defined as CJCj x 100 (%), 
where C 8 is a charge amount held in the cell for 16.7 ms, and Cr is a charge amount in the case that charge 
is not theoretically moved for 16.7 ms. 



Table 11 





Construction Example 22 


Comparative Example 23 


Light transmittance under application of 
no voltage (%) 


73 


70 


Change holding ratio (%) 


08.1 


92.2 



In this measurement, it is assumed that light transmittance in the case of using two parallel polarizing plates 
Is 100%. The charge holding ratio was measured by a charge holding ratio measurement apparatus shown in 
59 Figure 27(a). This measurement apparatus Includes a switching field effect transistor for applying a voltage 
V D across electrodes forming a liquid crystal cell, a driving circuit, and an oscilloscope for measuring the charge 
discharged from the liquid crystal layer. 
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Figure 27(b) shows a gate signal V Q generated by the measurement apparatus; Figure 27(c) shows a 
source signal V a generated by the measurement apparatus; and Figure 27(d) shows a voltage V D applied to 
the liquid crystal cell. 

5 Comparative Example 23 

The same mixture as that of Construction Example 22 was injected Into the TFT liquid crystal cell as used 
in Construction Example 22. Then, the cell thus obtained was Irradiated with UV-rays by the same high- 
pressure mercury lump as that of Example 1 ■ using a color filter in the ceD as a mask. At this time, photopo- 

10 lymerization was effected in a self-aligned manner under the same irradiation conditions as those in Example 
1 . The cell was observed with a polarizing microscope, revealing that each pixel was almost entirely occupied 
with a mono-domain in the same way as in Construction Example 22 and liquid crystal molecules in each do- 
main were concentrically oriented. Light transmittance and charge holding ratio cf the cell under the application 
of no voltage are shown in Table 11. As understood from Table 11, the cell in Construction Example 22 has 

15 more excellent charge holding ratio, compared with the cell in Comparative Example 23. 

Construction Example 23 

A pair of acrylic plastic substrates with a thickness of 400 um, having optical cha racteristics shown in Figure 
20 28 were attached to each other using a spacer to fabricate a liquid crystal cell with a ceil gap of 5.6 um. 

A homogeneous mixture was vacuum-injected into the cell. The mixture was obtained by homogeneously 
mixing 0.1 0 g of R-684 (Manufactured by Nippon Kayaku Co., Ltd.), 0.05 g of styrene, 0.85 g of isobomyl ao- 
ryiate, 4 g of liquid crystal material ZLM702 (containing 0.4% by weight of S-81 1 : Manufactured by Merck & 
Co., Inc.), and 0.025 g of photo polymerization inHator (Ludrin TPO (Manufactured by CIBA-GEIGY Corpora- 
ls tk>n)) which can absorb visible light in the near ultraviolet region. When the vacuum injection was conducted, 
the substrates and injection plate were heated to 60°C right after the commencement of the Injection at 100 
Pa and 30°C. 

Next, the photomask 15 (Figure 2) used in Example 1 was placed on the cell, and the cell was Irradiated 
with UV-rays through a dot pattern of the photomask 15 in the same way as in Example 1 . At this time, a UV- 
30 rays cut filter "UV-34" (manufactured by HOYA Corporation) having spectral transmission characteristics 
shown in Figure 26(b) was attached to the light source so as to shield UV-rays with a wavelength of 320 ran 
or less. 

Then, crossed polarizing plates were attached to both sides of the cell to produce a liquid crystal display 
device of Construction Example 23. 

as In the liquid crystal display ceB produced in Construction Example 23, each pixel was almost entirely oc- 

cupied with a mono-domain in the similar manner to that of Construction Example 22. and liquid crystal mol- 
ecules in each domain were concentrically oriented. In addition, the cell thus produced had excellent electro- 
optical characteristics, i.e., disclination lines were prevented from being formed within the pixel regions, and 
excellent viewing angle characteristics with high contrast were obtained. Ught transmittance and charge hold- 

40 ing ratio of the cell under the application of no voltage are shown in Table 1 2. 



Table 12 





Construction Example 23 


Comparative Example 24 


Light transmittance under application of 
no voltage (%) 


65 


55 


Change holding ratio (%) 


96.1 


87.2 



SO 

Comparative Example 24 

A cell was fabricated In the same way as In Construction Example 23, except that the irradiation was con- 
ducted through a reflective plate without shielding UV-rays. Then, crossed polarizing plates were attached to 
59 both sides of the ceil to fabricate a liquid crystal cell. Light transmittance and charge holding ratio of the liquid 
crystal cell under the application of no voltage are shown In Table 12. 

Light transmittance of the call in Construction Example 23 and Comparative Example 24 under the appli- 
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cation of no voltage were measured 1 00 hours after the fabrication of the ceil. In the liquid crystal cell of Con- 
struction Example 23, no difference in light transmit tance was found between the cell right after fabrication 
and the cell 100 hours after the fabrication. On the other hand, In the liquid crystal panel of Comparative Ex- 
ample 24, light transmittance was partially changed 1 00 hours after the fabrication, revealing that the contrast 

5 was decreased. Moreover, the light transmit tance under the application of no voltage in Construction Example 
23 is more excellent than that In Comparative Example 24. 

According to Construction Example 23, the wavelength of UV-rays to be irradiated to the ceO is controlled 
during the fabrication of a liquid crystal display device. Thus, the deterioration of the liquid crystal material 
caused by light is prevented. In addition, light in a high energy region affecting members of the liquid crystal 

10 display device such as a color filter and substrates can be shielded, thereby preventing the fading and discol- 
oring of the color filter from adversely affecting display characteristics. As a result, a liquid crystal display de- 
vice excellent in reliability with respect to reproducibility and display characteristics can be obtained. 

(UV-rays irradiation with short wavelength light shielded) 

15 

Light in a short wavelength region can be effectively shielded in various manners. For example, light is 
transmitted through a UV-rays cut filter. Alternatively, light is transmitted through an Inorganic or an organic 
material which makes the transmittance of light (300 nm) 10% or less and which makes the transmittance of 
light (350 nm) 40% or more, assuming that light is transmitted through the air at 100%. 
20 In the case where a neutral boro-silicated glass substrate such as Corning 7059F or a boro-slllcated glass 

substrate onto which ITO is coated is used, the transmittance of light (300 nm) with respect to the air is about 
20%, the transmittance of light (320 nm) with respect to the air Is about 40%, and the transmittance of light 
(340 nm) with respect to the air is about 50%. For this reason, according to the present invention, the range 
of near ultraviolet light with a short wavelength to be shielded is preferably 300 nm or less, more preferably 
25 320 nm or less. It is very effective to shield light with a wavelength of 340 nm or less. 

More specifically, as the range of UV-rays to be shielded is enlarged, the deterioration of a liquid crystal 
display device caused by UV-rays with a short wavelength and high energy can be more effectively prevented. 
However, for allowing the photopolymerizatton phase separation to proceed using the method of the present 
invention, it is important to utilize a local maximum wavelength of 365 nm of a high-pressure mercury lamp, a 
30 metal halkJe. and the like to be used as a light source, so that light transmittance of about 65% or more at a 
wavelength of at least 350 nm is desired. Thus, the above-mentioned UV-rays region is preferably shielded. 

In the case where a plastic substrate having optical characteristics shown in Figure 28 is used for the pur- 
pose of making the substrate light-weight and providing a substrate with diversity, a component of near ultra- 
violet light with a short wavelength of 320 nm or less is preferably shielded. More preferably, light with a wa- 
35 velength of 340 nm or less is shielded. The same reason as that of the glass substrate can be applied to this 
case. 

As the UV-rays cut filter used in the present invention, inorganic glass materials or organic materials are 
used. Examples of the organic materials include plastic excellent in optical characteristics satisfying the above- 
mentioned wavelength region, utilizing flexibility and bending properties. Alternatively, inorganic materials or 
40 organic materials satisfying the optical conditions described herein can be used alone or in combination in a 
solid state or in a liquid state. In particular, commercially available UV-rays cut filters including the above- 
mentioned "UV-32, UV-34, etc." (manufactured by HOYA Corporation) can be used. 

Example 6 

45 

According to the present example, in a liquid crystal display device having liquid crystal regions, each in- 
cluding one or a plurality of liquid crystal domains and being partitioned by a polymer wail, each liquid crystal 
region is composed of the fewest number of liquid crystal domains, liquid crystal molecules in each domain 
are coaxiaDy oriented, and the pole of the orientation of liquid crystal molecules faces a ceil surface. Thus, a 
so liquid crystal display device having the fewest number of disclination lines, high contrast, and excellent viewing 
angle characteristics can be provided. 

In order to provide such a liquid crystal display device, an electric field and a magnetic field are applied 
to the mixture In the cell when the mixture is exposed to UV-rays. Alternatively, a poiymerizable material for 
forming the mixture includes a fluorinated compound. 

55 

(Orientation state of liquid crystal molecules in domains) 

In the liquid crystal domain of the liquid crystal display device according to Example 6, cross-shaped ex- 
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tinction pattern is observed with a polarizing microscope in the polarizing axis direction of polarizer and an 
analyzer as shown In Figure 29(a). In the extinction pattern, the orientation direction of liquid crystal molecules 
are concentrated at one portion as shown In Figure 29(b). Herein, this concentrated portion is defined as the 
polar of the orientation of the liquid crystal molecules (hereinafter, referred to as an orientation polar). Figure 
s 29(b) shows the interface between the upper substrate and the liquid crystal region seen in the normal line 
direction of the cell. 

In the liquid crystal display device produced by the method of Example 6, each liquid crystal region is ar- 
ranged so that the orientation polar faces at least one of the two substrates. Furthermore, each orientation 
polar is formed so as to substantially correspond to each weak light irradiating region of a photomask during 
10 a production process described later. In a liquid crystal domain having such an arrangement, disclination lines 
are formed at the periphery of the domain under the application of a voltage and will not be formed within the 
domain. 

Thus, by controlling light irradiating portions of the photomask, the disclination lines can be intentionally 
formed outside of each pixel. Also, by forming the disclination lines under the light-shielding portions of the 

is photomask, a black level of the liquid crystal display device is enhanced, and hence, contrast thereof is im- 
proved. Furthermore, the orientation polar faces the substrate surface, so that liquid crystal molecules in one 
liquid crystal droplet are oriented In an omnidlrection. This brings about the same effect as that of the case 
where the liquid crystal molecules in one pixel are oriented in an omnidlrection In the conventional TN cell. 
Consequently, the reverse contrast viewing, which Is caused when the observer observes the conventional 

20 TN cell in the non-vertical direction under the application of a voltage, can be eliminated. Compared with the 
cell produced under no application of an electric field or a magnetic field, the variation of optical characteristics 
in each pixel Is decreased, and roughness of a display can be reduced. 

Figures 30(a) to 30(d) and 31(a) to 31(d) show schematic views of three-dimensional orientation states of 
each portion of the liquid crystal regions. In those figures, a disk-shaped liquid crystal region 17 is exemplified. 

25 Figures 30(a) to 30(d) show the case where the liquid crystal molecules are oriented in a twisted state. 

Figures 30(b) to 30(d) respectively show the orientation of liquid crystal molecules in each round piece out from 
the liquid crystal region. More specifically, Figure 30(b) shows a portion in the vicinity of the upper substrate 
surface (Z = d); Figure 30(c) shows a middle portion (Z a d/2); and Figure 30(d) shows a portion in the vicinity 
of the lower substrate surface (Z = 0). 

30 As understood from these figures, the liquid crystal molecules are symmetrically oriented with respect to 

an axis of the center portion of the liquid crystal region 17. When the ceD Is observed from the upper substrate 
side, it is expected that each portion is oriented as in the TN liquid crystal and the TN orientation rotates white 
keeping an axial symmetry. 

Figures 31(a) to 31 (d) show the case where the liquid crystal molecules are oriented without twist Figures 

35 31 (b) to 31(d) correspond to Figures 30(b) to 30(d). As understood from these figures, since the liquid crystal 
molecules are oriented without twist, the same orientation is obtained in a portion in the vicinity of the upper 
substrate surface (Z = d), a middle portion (Z = d/2). and a portion in the vicinity of the low substrate surface 
(2 = 0). Moreover, it is expected that the liquid crystal molecules are symmetrically oriented with respect to 
the center axis in the same way as in Figures 30(b) to 30(d). 

40 

(Method for allowing liquid crystal molecules to be oriented Asymmetrically and for allowing orientation po- 
lar to face cell surface) 

For allowing liquid crystal molecules to be oriented axisymmetricaOy and for allowing orientation polar to 
4s face cell surface, a mixture containing a liquid crystal, a photopolymerizable material, and if required, a pho- 
topolymerization initiator is injected Into the cell, and the mixture is exposed to UV-rays through a photomask 
under the application of an electric field or a magnetic field. The electric field and the magnetic field can be 
applied at the same time. 

During the UV-rays irradiation, photo polymerization is effected in the regions of the mixture which are not 
so light-shielded by the photomask. Then, the photopolymerizable material is consumed to form a concentration 
gradient; as a result the photoporymerization Is effected while the photopolymerizable material moves and dis- 
perses from the center of the photomask to the ends thereof. On the other hand, as the consumption of the 
photopolymerizable material in the mixture proceeds, it gets difficult for the liquid crystal material to dissolve 
in the mixture. Then, the liquid crystal material starts being phase-separated from the mixture in the weak light 
irradiated regions to aggregate. 

At this time, the orientation of the liquid crystal molecules Inside of the liquid crystal regions is determined 
by the balance of three energies: (1) elastic energy of liquid crystal; (2) orientation energy on the interface be- 
tween the liquid crystal region and the isotropic phase; and (3) orientation energy caused by an electric field 
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and/or a magnetic field (herelnaf tet, referred to as an external field). 

In the case where the external field of (3) Is not applied, the energy determining the orientation of the liquid 
crystal molecules changes from (2) to (1) with the Increase in size of the liquid crystal droplet during the phase 
separation. At this time, the orientation of each liquid crystal droplet after being grown is determined. Since 
5 the external field is not applied, the uniformity of the orientation of liquid crystal molecules in each liquid crystal 
droplet decreases. As a result, observation with a polarizing microscope reveals that liquid crystal regions, in- 
cluding liquid crystal molecules whose orientation axis is not aligned, are formed, as shown in Figures 32(a) 
and 32(b). 

io (Effects of external field during photoporymerization) 

In Example 6, during the phase separation step, an external field such as an electric field and a magnetic 
field is applied for controlling orientation. Herein, the case where an electric field is applied and the dielectric 
anteotropy of the liquid crystal molecules is positive will be considered. 

15 As shown In Figure 33(a). when an electric field E is applied to the substrates substantially in the vertical 
direction thereof, the liquid crystal molecules are oriented in the vertical direction of the substrates, and hence 
the orientation polar faces the substrate surface. Figure 33(b) shows the orientation state of the liquid crystal 
molecules on the surface of the liquid crystal region 17. 

When the photopolymerization of a photopolymerizabie material proceeds, the liquid crystal molecules in 

20 the liquid crystal region 17 are arranged In accordance with the above-mentioned orientation. This results in 
a liquid crystal region in which the liquid crystal molecules are oriented so as to be symmetric with respect to 
a center axis, I.e., the orientation polar of the liquid crystal droplet at the Initial stage of the phase separation, 
as shown in Figure 33(c). It Is appreciated that this effect can be obtained even when a magnetic field is used 
instead of an electric field. 

25 As described above, when the electric field or magnetic field is applied during light irradiation, the orien- 
tation polar of the liquid crystal region is regulated to be vertical to the substrate surface. For this reason, the 
electric field can be easily applied to the mixture in the vertical direction of the substrate surface, using the 
substrate on which segmented electrodes are formed. The electric field Is preferably applied at V 10 (voltage 
at which light transmittance in a normally white mode becomes 10%) x 3 or less In the electro-optic charao 

30 teristics after the fabrication of the liquid crystal cell. 

It is preferred to determine the frequency of the electric field so that the liquid crystal molecules are easily 
oriented upon application of the electric field. More specifically, about 0 (DC) - 1 Mrt is preferred. In the case 
where an average value from the start of the photopolymerization to the end thereof exceeds V 10 x 3, the liquid 
crystal molecules are strongly oriented in a homeotropic direction under the application of no voltage. This re- 

ss suits in a black state in crossed Nicds, decreasing light transmittance. In the case of applying a magnetic field, 
the average value is Hu> x 3 or is preferred for the same reason as that of the electric field. Herein, H10 = Vio 
x ( Ae/&x ) 1/2 /d, where As = - difference in dielectric constant between the long axis direction and the short 
axis direction of the liquid crystal molecules. Ax 53 x* - XV difference in magnetic susceptibility between the 
long axis direction and the short axis direction, and d: cell gap. 

40 The method for applying an electric field or a magnetic field to the mixture has already been discussed in 
"Liquid Crystal Vol. 5. No. 5, pp. 1477 - 1489 (1989)". However, the present invention relates to a birefringence 
mode, and a method for controlling the polarization of light transmitted through the liquid crystal region. In ad- 
dition, according to the present invention, each liquid crystal region is regulated to the size of each pixel, or 
light having Irradiation degree distribution is used for providing the liquid crystal regions with the same uni- 

45 formity as that erf the pixels. These structures, as well as physical phenomena used for a display, are completely 
different from those described in the above book. In particular, the size of each liquid crystal region of the pres- 
ent invention is completely different from that in a light scattering mode. Thus, the influence of the electric 
field applied during the polymerization on the liquid crystal regions famed by polymerization Is different be- 
tween the transmission mode and the light scattering mode. More specifically, in the light scattering mode, a 

so value obtained by dividing a surface area of a liquid crystal region by a volume of the liquid crystal region is 
much larger than that of the present invention, and the orientation during the polymerization strongly remains 
in each liquid crystal region. However, according to the present invention, the size of the liquid crystal region 
is large, so that the elastic energy of liquid crystal dominates more than the surface orientation energy. Because 
of this, although the application of an external field during polymerization enhances the uniformity erf orientation 

55 of liquid crystal molecules, it does not have an effect of fixing orientation. 
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(Physical property of resin material suitable for Example 6) 

In Example 6\ the liquid crystal display device is produced under the condition that the glass transition 
temperature Tg of the photopolymerizable material after being cured (resin) is kept at room temperature or 
5 more, preferably 60°C or more, and polymer walls, columns, and the like are not formed in the weak light irra- 
diated regions. In the liquid crystal display device thus produced, liquid crystal molecules are radially oriented 
with respect to the vicinity of the center of each weak light irradiated region. 

The conditions for preventing the formation of polymer walls, columns, and the like in the weak light irra- 
diated regions are determined by the photopolymertzation speed, the size of each pixel, and a cell gap. In the 
10 case where the cell gap is constant, the conditions are determined by changing the composition of resin de- 
pending upon the size of each pixel and the polymerization speed. 

In the case where the size of each pixel is less than 100 |im, the resin is preferably composed of a material 
having a relatively high polymerization speed such as acrylate. In contrast, in the case where the size of each 
pixel is more than 100 urn, it is preferred that by using acrylate mixed with molecules containing a double bond 
is having a resonance system, such as methacrylate and styrene having the effect of suppressing polymerization 
speed, photopolymerization speed is decreased, and phase separation speed between the liquid crystal and 
the polymeric material is decreased. In this way, the polymeric material can be prevented from entering the 
weak light irradiated regions. 

Furthermore, the number of photopolymerizable functional groups in a molecule affects the phase sepa- 
20 ration speed between the liquid crystal material and the polymer, in the photopolymerizable materia) having 2 
to 3 functional groups in its molecule, both of the gelation speed of a polymer and phase separation speed 
are high. Amonofunctional material decreases the phase separation speed between the liquid crystal material 
and the polymer, so that such a material is suitable for a large pixel. These compounds can be mixed and se- 
lected depending upon the size of a pixel. 

25 

Construction Example 24 

Hereinafter, Example 6 will be described based on Construction Example 24. The present invention is not 
limited thereto. 

30 Class substrates (1.1 mm in thickness) having a transparent electrode made of ITO (50 nm in thickness) 

were attached to each other with a spacer (6 pm in diameter) Interposed therebetween to fabricate a cell. 

A photomask 15d shorn in Figure 34 was placed on the cell thus fabricated, and a mixture was injected 
into the cell in a transparent state at 35°C. The mixture was obtained by mixing 0.1 g of R-6S4 (manufactured 
by Nippon Kayaku Co., Ltd.). 0.05 g of styrene, 0.85 g of isobornyl methacrylate, 4 g of liquid crystal material 
35 ZLI-4792 (containing 0.4% by weight of S-811 : manufactured by Merck & Co.. Inc.), and 0.0025 g of photopo- 
lymerization initiator (Irgacure 651). 

Under the condition of the same temperature, the display cell was irradiated with coHimated light beams 
at 1 0 mVWcm 2 using a high-pressure mercury lamp through a dot pattern of the photomask 1 5d while applying 
an AC voltage of 60 Hz (effective value of 3 V) for one second, and the display cell was allowed to stand for 
40 30 seconds without the irradiation. This cycle was repeated 20 times. Then, the display cell was irradiated with 
UV-rays for 1 0 minutes to cure the pdymerizable material. After the poJymerizable material was cured, the dis- 
play cell was observed with a polarizing microscope, indicating that liquid crystal domains having the same 
size and arrangement pitch as those of the dot pattern of the photomask 1 5d were formed. 

Next, two crossed- polarizing plates were attached to both sides of the display cell to fabricate the liquid 
45 crystal display device in which the liquid crystal regions are partitioned by the polymer waDs. 

The cell thus obtained was observed with a polarizing microscope, as shown in Figure 35, indicating that 
each pixel was occupied with almost one liquid crystal domain, the polar of the liquid crystal orientation was 
vertical to the substrate surface, and a scrdieren texture in which the liquid crystal molecules were radially or 
concentrically oriented In each liquid crystal domain was formed. Also, the cell was observed with a polarizing 
so microscope under the application of a voltage, revealing that disdination lines were formed at the periphery 
of each liquid crystal domain with the application of a voltage, and these disci i nation lines were eliminated when 
the voltage was saturated. The electro-optic characteristics of the cell thus obtained are shown in Table 13 
and Figure 36. 

55 
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Table 13 





Construction Example 24 


Construction Example 25 


Light transmittal) ce under application of 
no voltage (%) 


72 


70 


Reverse contrast viewing In gray-scale 
display 


o 


o 



As understood from Table 1 3 and Figure 36, the cell of Construction Example 24 has no problem of reverse 
contrast viewing caused in the TN ceO of Comparative Example 1 shown in Figure 10. In addition, In the cell 
of Construction Example 24, the Increase in light transmittance In a high viewing angle direction (direction 
largely apart from the normal line to the panel) at the time of saturation of a voltage is not observed. In this 
measurement it is assumed that light transmittance In the case of using two parallel polarizing plates is 100%. 



Construction Example 25 

Example 6 will be described based on Construction Example 25. 

A ceO was fabricated In the same way as In Construction Example 24, except that a magnetic field of 0.3 
T is applied in the vertical direction of the cell during the UV-rays irradiation. 

Crossed polarizing plates were attached to both sides of the cell to produce a conventional TN display de- 
vice. 

The electrooptJcal characteristics of the cell thus obtained are shown in Table 13. In this case, the same 
effects as those of Construction Example 24 are obtained. 

As described above, according to Example 6, the liquid crystal molecules are axisyrnmetrically oriented 
in an omn {direction in on pixel. Therefore, problems caused in the conventional liquid crystal display device, 
such as poor viewing angle characteristics and reverse contrast viewing, can be served. That is, wider viewing 
angle characteristics can be realized. 

In particular, the polymer is prevented from entering the pixels, each pixel includes the fewest number of 
liquid crystal damains. and the liquid crystal molecules are axisyrnmetrically oriented to suppress the formation 
of disciination lines. Thus, the viewing angle characteristics as well as light transmittance under the application 
of no voltage are improved. 

Example 7 

In Example 7, the disciination lines between the respective liquid crystal domains are suppressed. In the 
present example, even under the application of a voltage, the disciination lines can be eliminated, resulting in 
high contrast 

The inventors have found that in a liquid crystal display device in which liquid crystal regions are partitioned 
by a polymer, the liquid crystal molecules are radially oriented in each liquid crystal region, and each liquid 
crystal region is occupied substantially by a mono-domain (or a plurality of domains), contrast can be improved. 
Furthermore, by controlling the orientation state of polymer wails and aligning the orientation direction of the 
liquid crystal material under the application of a voltage with that of the polymer walls, the inventors have ach- 
ieved a liquid crystal display device with excellent viewing angle characteristics having a high contrast in which 
disciination lines are not formed at all, and the liquid crystal molecules are axisyrnmetrically oriented. 

Hereinafter. Example 7 will be described in detail. 

(Principle of suppressing disciination lines) 

A liquid crystal display device having liquid crystal regions partitioned by polymer wails has the following 
features. 

(1) In a cell having a plurality of liquid crystal domains in each liquid crystal region, discontinuous orien- 
tation of liquid crystal molecules is caused between the respective domains, forming disciination lines 18 
(line-shaped orientation defects) as shown In Figure 37. Trie disciination lines 18 remain as bright lines 
under the application of a voltage, Instead of being eliminated, resulting In low contrast 

(2) In a cell having ax [symmetric liquid crystal molecules (Including spiral shaped liquid crystal molecules) 
in each liquid crystal region 17, disciination lines other than center disciination points are not formed In 
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the liquid crystal region 17. However, as shown In Figure 38(a), the dtscfinatlon lines 18 are formed in the 
vicinity of the interfaces between the liquid crystal regions 17 and the resin walls 16 under the application 
of a voltage. More specifically, under the application of no voltage, the liquid crystal molecules in each 
liquid crystal region 17 are oriented In a twist state while keeping the horizontal relationship with respect 
5 to the substrate. When a voltage is applied, the liquid crystal molecules rise in the vertical direction to the 

cefl. During this step, the rising direction of the liquid crystal molecules strongly affected by the alignment 
regulating force of the resin walls 16 surrounding the liquid crystal regions 17 and the rising direction of 
the liquid crystal molecules at the center of the liquid crystal regions 17 become different This causes 
the formation of reverse tilt disci inatlon lines, i.e., discontinuous lines. In the same way as In (1), the reverse 
10 tilt disciination lines become bright lines under the application of a voltage, resulting in low contrast 

(3) In the case where the liquid crystal molecules on the interfaces between the liquid crystal regions and 
the resin walls are oriented so as to stabilize the orientation of the liquid crystal molecules in the liquid 
crystal regions under the application of a voltage, disciination lines as formed in (2) such as those formed 
at the periphery of the liquid crystal regions under the application of a voltage are not formed. This is be- 
ts cause the rising direction of the liquid crystal molecules at the center of the liquid crystal regions under 
the application of a voltage is Identical with the orientation direction of the liquid crystal molecules sup- 
ported by the resin walls. However, in this case, discontinuous points are still formed at the center of the 
liquid crystal regions In the same way as In Item (2). 

For realizing the orientation of the liquid crystal molecules on the Interfaces between the liquid crystal mo>- 

20 ecuJes and the polymer, the following is conducted. 

In the case where a monofunctional potymerizable liquid crystal material is used, the polymer in the poly- 
mer walls is made axisymmetrlcaliy oriented with respect to the center of the liquid crystal regions. Alternatively, 
the polymer on the upper and lower substrates at the center of the liquid crystal regions is made oriented so 
as to have a pretilt axlsymmetric with respect to the center of the liquid crystal droplet 

25 Furthermore, in the case where a Afunctional potymerizable liquid crystal material is used, there is little 
possibility that a liquid crystalline site Jumps out of the polymer surface, as in the case of using a monofunc- 
tional liquid crystal material. Therefore, a pretilt can be suppressed on the interfaces between the liquid crystal 
and the polymer, and orientation of the liquid crystal molecules on the polymer walls can be controlled in the 
same way as in the case of using the monofunctional material. Thus, disciination lines can be prevented from 

30 being formed under the application of a voltage. Since the Afunctional polymerizaWe liquid crystal material 
can control a pretilt it Is not required to increase the A n-d characteristic more than an optimum value. In ad- 
dition, this material can prevent the degradation of the viewing angle characteristics in the direction at an angle 
of 45° from the polarizing axis under the application of a voltage (in particular, at the time of saturation of a 
voltage). Furthermore, these potymerizable liquid crystal materials can be used alone, or the combination of 

35 a monofunctional material and a Afunctional material can be used. 

(Method for controlling orientation of polymeric material) 

For effectively aligning the polymer in the polymer walls in the orientation direction of the liquid crystal 

40 molecules under the application of a voltage, it is preferred to add a liquid crystalline photo poJymerizable ma- 
terial, having in Its molecule a functional group exhibiting liquid crystallinity, to a mixture of liquid crystal and 
a photopolymerizable materiel. Furthermore, by irradiating UV-rays to the mixture through a uniform pattern 
of a photomask under the application of an electric field or a magnetic field, the polymer in the polymer walls 
can be partially oriented in the vertical direction to the substrates, while the orientation axis of the liquid crystal 

45 regions are aligned In the vertical direction to the substrates. 

In the above method, if the irradiation is conducted at not less than a temperature at which the liquid crystal 
material exhibits an isotropic phase, the liquid crystal is perfectly phase-separated from the polymer and the 
orientation of the liquid crystal and the polymer are made uniform, In this case, during the irradiation, the liquid 
crystal is in a uniform state without being phase-separated. Thereafter, the cell is cooled to allow the liquid 

so crystal to be gradually phase-separated from the polymer. Under this condition, an electric field and/or a mag- 
netic field is applied. In this way, the center axis of the orientation of liquid crystal droplets Is aligned in the 
electrical field direction or the magnetic field direction, and the liquid crystal molecules are symmetrically ori- 
ented with respect to the center axis of the orientation of the liquid crystal regions, if the irradiation is conducted 
again after coding, the polymerization Is more perfectly effected. (UV-rays can be Irradiated either through a 

55 photomask or without a photomask.) 

As described above, in the case where the Irradiation of light is conducted at not less than the temperature 
at which the liquid crystal material exhibits an isotropic phase, as shown In Figure 38(b), the presence of liquid 
crystal droplets 41, caused when the irradiation is conducted at a temperature lower than that temperature. 
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can be prevented, resulting In more excellent contrast 

In the above case, a liquid crystal material having As > 0 is used. However, in the case of using a liquid 
crystal material having As < 0. the polymer material is oriented in the horizontal direction to the substrates along 
the orientation direction of the liquid crystal molecules. 

5 

Construction Example 26 

Hereinafter. Example 7 will be described based on Construction Example 26. It is noted that the present 
invention is not limited thereto. 
10 Glass substrates (1.1 mm in thickness) having a transparent electrode made of ITO (60 nm in thickness) 

were attached to each other with a spacer (5.5 jam in diameter) interposed therebetween to fabricate a cell. 

A photomask 1 5e shown in Figure 39 was placed on the cell thus fabricated, and a mixture was injected 
into the cell in a transparent state at 35°C The mixture was obtained by mixing 0.1 g of R-684 (manufactured 
by Nippon Kayaku Co., Ltd.), 0.05 g of styrene, 0.65 g of isobornyl methacrylate, 0.15 g of perfluorooctyl ac- 
ts rylate. 0.1 g of liquid crystalline photo poiymerizable material represented by the following Formula 3: 

CH2»CH-CO0-CCH2)«-O^Q^-^qN.- (3) 



4 g of liquid crystal material ZU-4792 (containing 0.4% by weight of S-811: manufactured by Merck & Co., Inc.), 

25 and 0.0025 g of photopolymsrtzatlon Initiator (Irgacure 651). 

Under the condition of the same temperature, the display cell was irradiated with cofli mated light beams 
at 10 mW/cm 2 using a high-pressure mercury lamp through a dot pattern of the photomask 15e while applying 
an AC voltage of 60 Hz (effective value of 3V) for one second, and the display cell was allowed to stand for 30 
seconds without the irradiation. This cycle was repeated 20 times. Then, the display cell was irradiated with 

30 UV-rays for 1 0 minutes to cure the poiymerizable material. After the pol ymerizable material was cured, the dis- 
play ceil was observed with a polarizing microscope, indicating that liquid crystal domains having the same 
size and arrangement pitch as those of the dot pattern of the photomask 15e were formed. 

Next, two crossed- pol arizing plates were attached to both sides of the display cell to fabricate the liquid 
crystal display device in which the liquid crystal regions are partitioned by the polymer walls. 

35 The ceo thus obtained was observed with a polarizing microscope, indicating that each pixel was occupied 

with almost one liquid crystal domain, the polar of the liquid crystal orientation was vertical to the cell surface, 
and a schiieren texture in which the liquid crystal molecules were radially or concentrically oriented in each 
liquid crystal domain was famed. Also, the cell was observed with a polarizing microscope under the applica- 
tion of a voltage, revealing that the liquid crystal droplets became dark with the application of a voltage, but 

40 declination lines were not formed. The elect rooptical characteristics of the ceB thus obtained are shown in Table 
14. 



Table 14 



45 




Construction exam 


pie 26 


Construction exan 


ipje27 


Construction example 28 




Light transmit tan ce at 
voltage of 5 volts 


0.3 


0.8 


0.3 


SO 


Formation of 
discllnatton lines 


None 


Formed 


None 




Reverse contrast 
viewing in gray-scale 
display 


o 


o 


o 



55 



As understood from Table 14, the cell of Construction Example 28 has no problem of reverse contrast view- 
ing caused in the conventional TN cell of Comparative Example 1 shown in Figure 10. In addition, in the cell 
of Construction Example 28, the increase in light transmittanoe in a direction, largely apart from the normal 
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line to the panel, at the ti me of saturation of a voltage is not observed. In this measurement it is assumed that 
light transnrtittance in the case of using two parallel polarizing plates is 100%. 

Furthermore, while being tilted, the cell was observed with a polarizing microscope under the application 
of no electric field, whereby orientation of the liquid crystal molecules was expected. This makes It possible 
5 to expect the distribution of tilt of the liquid crystal molecules in the cell gap direction. 

The observation results are shown in Figures 40(a) and 40(b). Figure 40(a) shows observed regions A. 
B, C, and D. Figure 40(b) shows the brightness of the respective regions A, B, C, and D. It is noted that the 
d tetort ion of an image and out-of-focus caused by observing the cell at 40° in the 6 o'clock direction is corrected. 
While observing the cell at 40° in the 6 o'clock direction, the cell was rotated in its plane with respect to the 
io center of the observed regions, the extinction pattern was not rotated. This shows that the liquid crystal mol- 
ecules in each liquid crystal droplet were symmetrically oriented with respect to its axis. 

The respective regions A, B, C. and D surrounded by the transmission axes of the polarizer and the ana- 
lyzer of Figure 40 had their brightness changed depending upon the tilt of the cell. The distribution of the bright- 
ness was not changed by the above rotation. This shows that the ceil has axbymmetric pretilt in the liquid crys- 
15 taJ orientation. The liquid crystal orientation was expected by using the polarizing microscope observation. The 
results are shown in Figures 41(a) to 42(c). 

(Results of expecting orientation) 

20 Figures 41 (b) and 41 (c) are cross-sections taken along an A-A' plane of Figure 41 (a). The A-A* plane pass- 
es through a center axis of the orientation of the liquid crystal region 17 and includes a normal line to the cell. 
Since the liquid crystal molecules In the liquid crystal region 17 are axlsym metrically oriented, cross-sections 
of the liquid crystal region 17 taken along the center axis In any direction are the same. Here, the orientation 
of the liquid crystal molecules is represented by a mark and the liquid crystal molecules other than those 

25 oriented in the vertical direction or parallel direction to the drawing surface are represented by a nail-shaped 
mark, the head of the nail-shaped mark representing the front side of the drawing surface. The size of the 
liquid crystal molecules shown In Figures 41 (b) and 41 (c) Is enlarged or omitted for simplicity of the description. 

Figures 4 1 (b) and 4 1 (c) respectively show the orientation state at a voltage of 0 V and Vgo. Based on these 
orientation states, the above-mentioned observation results will be described. For example, a region whose 

30 light transmittance is decreased when observed at a tilt under the application of no voltage (i.e., region D of 
Figure 40) is considered to correspond to the case where the liquid crystal orientation in the TN cell is observed 
in the 6 o'clock direction under the application of a voltage. More specifically, the front side of the 2 = d/2 sur- 
face with respect to the direction of the drawing surface is tilted in the positive direction of a z-axis. This cor- 
responds to a portion of the A-A' cross-section excluding the vicinity of a wall surface on the left side and the 

35 vicinity of the center portion. The orientation of this portion is identical with the observation results. Thus, based 
on the observation results and the axisymmetry of the orientation, the orientation of a portion of the A-A' cross- 
section of Figure 41(b) excluding the vicinity of the wail surfaces on the right and left sides and the vicinity of 
the center portion can be expected. 

Furthermore, based on the fact that the tilt of the A-A' cross-section, as shown in Figure 41(c), is obtained 

40 without fail under the application of a voltage, the orientation of the center portion can be expected. The ori- 
entation of the vicinity of the wall surfaces on the right and left sides are expected based on the fact that the 
d fed i nation lines are not formed at all therein. Here, it is expected that the discontinuous lines are formed on 
surfaces vertical to the z-axis. passing through the 0 and d faces of the z-axis in the vicinity of the wail surfaces 
in the right and left sides. However, as understood from Figure 41(c), no discli nation lines are formed within 

45 the liquid crystal droplets, and hence, light scattering, rotation of polarization, and the like are not strongly ex- 
hibited. 

One feature of the above-mentioned orientation is that there is no substantia] difference In orientation be- 
tween the application of a voltage and the application of no voltage except for the rise in the z-axis direction. 
Thus, the orientation under die application of a voltage is partially retained under the application of no voltage, 
so so that large distortion of the orientation due to the application of a voltage can be prevented. This is an es- 
sential mechanism in which dlsclination lines are not formed. 

Construction Example 27 

55 Hereinafter, Example 7 will be described based on Construction Example 27. 

The same substrates as that of Construction Example 26 were produced, and the photomask 15e shown 
In Figure 39 was placed thereon. Then, a mixture was Injected into the cell In the same way as in Example 1. 
The mixture was obtained by mixing 0. 1 g of R-684 (manufactured by Nippon Kayaku Co.. Ltd.), 0,05 g of styr- 
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ene. 0.70 g of isobornyl methacrylate, 0.15gof perflucrooctyt aoy late. 4 g of liquid crystal material ZU-4792 
(containing 0.4% by weight of S-81 1 : manufactured by Merck & Co.. Inc.). and 0.0025 g of photopolymerization 
initiator (Irgacure 651 ). 

The cell was exposed to UV-rays with the same intensity through the same pattern of the photomask under 
5 the same voltage application conditions as those of Construction Example 26. 

The cell thus obtained was observed with a polarizing microscope In the same way as in Construction Ex- 
ample 26. Indicating that liquid crystal domains having the same size and arrangement pitch as those of the 
dot pattern of the photomask 15e were formed. 

Then, two crossed-pdarizirtg plates were attached to both sides of the display cell to fabricate the liquid 
10 crystal display device in which the liquid crystal regions are partitioned by the polymer walls. 

(Observation of cell and method for expecting orientation state) 

The cell thus obtained was observed with a polarizing microscope, indicating that each pixel was occupied 
15 with almost one liquid crystal domain, the polar of the liquid crystal orientation was vertical to the ceil surface, 
and a schlieren texture in which the liquid crystal molecules were radially or concentrically oriented in each 
liquid crystal domain was formed. The electrooptJcal characteristics of the cell and the observation results are 
shown in Table 14. Also, the cell was observed with a polarizing microscope under the application of a voltage. 
Indicating that the liquid crystal droplets became dark with the application of a voltage, and discllnatlon lines 
20 were formed at the periphery of each liquid crystal droplet 

As understood from Table 14. the cell of Construction Example 27 has no problem of reverse contrast view- 
ing caused in the conventional TN cell. In addition. In the cell of Construction Example 27. the increase In light 
transmittance In a direction, largely apart from the normal line to the panel, at the time of saturation of a voltage 
is not observed. In this measurement, it is assumed that light transmittance in the case of using two parallel 
25 polarizing plates is 100%. 

Furthermore, while being tilted, the cell was observed with a polarizing microscope under the application 
of no electric field in the same way as in Construction Example 26, whereby orientation of the liquid crystal 
molecules was expected. 

The observation results are shown in Figures 42(a) and 42(b). Figures 42(a) and 42(b) are obtained in the 
30 same way as in Figures 40(a) and 40(b). 

While being tilted, the cell was rotated in its plane with respect to the center of the observed regions, the 
extinction pattern was not rotated. This shows that the liquid crystal molecules in each liquid crystal region 
were symmetrically oriented with respect to its axis in the same way as in Construction Example 28. 

However, unlike Construction Example 26. the respective regions A, B, C, and D surrounded by the trans- 
35 mission axes of the polarizer and the analyzer did not have their brightness changed depending upon the tilt 
of the cell. This shows that the ceil has no axisym metric pretilt in the liquid crystal orientation. 

The cell was observed under the application of a voltage having a rectangular wave of 60 Hz and 3 Vp_ p. 
The results are shown in Figures 43(a) to 43(c). Figure 43(a) shows observed regions A,, A* B 1a B* C 1f C* 
D,, and Figure 43(b) shows the brightness of the regions A,, B 1a C t , and 0 t ; and Figure 43(c) shows the 
40 brightness of the regions A* B* C* and Da. The observation results make it possible to expect the distribution 
of tilt of the liquid crystal molecules in the liquid crystal droplet under the application of a voltage. 

The respective regions A1.A2.B1.B2.Ci.C2, D 1v and D2 surrounded by the transmission axes of the po- 
larizer and the analyzer of Figure 43(a) had their brightness changed depending upon the tilt of the cell. The 
distribution of the brightness was not changed by the above rotation. This shows that the cell has ax [symmetric 
45 pretilf in the liquid crystal orientation under the application of a voltage. The distribution of brightness Inside 
and outside of the disdination line is inverted in the right and left sides of the liquid crystal region. This shows 
that the disolination line partitions regions having different tilts, i.e.. this disdination line is a reverse tilt dis- 
dination line or Helfrich wall. The liquid crystal orientation was expected by using this polarizing microscope 
observation. The results are shown in Figures 44(a) and 44(b). 

so 

(Results of expecting orientation) 

Figures 44(a) and 44(b) correspond to Figures 41(b) and 41(c). respectively, using the same marks. 

Figures 44(a) and 44(b) respectively show the orientation state at a voltage of 0 V and V*. Based on these 
55 orientation states, the above-mentioned observation results will be described. For example, regions whose 
light transmittance is decreased when observed at a tilt under the application of a voltage (i.e., regions D< and 
B 2 of Figure 43(a)) is considered to correspond to the case where the liquid crystal orientation In the TN cell 
is observed in the 6 o'dock direction under the application of a voltage. More specif Ically. the front side of the 
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Z ■ d/2 surface with respect to the direction of the drawing surface Is tilted in the positive direction of a z-axis. 
This corresponds to a portion of the A-A cross-section excluding a region surrounded by a wall surface on the 
lelt side and the reverse tilt disci i nation line, and a portion of the A-A cross-section excluding a region sur- 
rounded by a wall surface on the right side and the reverse tilt disc! Ination line. The orientation of these portions 

6 is identical with the observation results. Thus, based on the observation results and the axisymmetry of the 
orientation, the orientation of a portion of the A-A cross-section of Figure 44(b) excluding the vicinity of the 
wall surfaces on the right and left sides and the vicinity of the center portion can be expected. 

Furthermore, when a voltage is decreased to 0 under this condition, since the same light transmit tance Is 
obtained in the regions B and D of Figure 42(a), it is considered that there is almost no tilt on the z = d/2 face. 

10 Because of this, the orientation in the portions other than the center portion and the vicinity of the wall surfaces 
on the right and left sides of Figure 44(a) can be expected. Furthermore, based on the fact that the tilt of the 
A-A cross-section, as shown In Figure 44(b), is obtained without fail under the application of a voltage, the 
orientation of the center portion can be expected. The orientation in the vicinity of the wall surfaces on the 
right and left sides is expected based on the continuity on the interfaces during the formation of the liquid crys- 

16 tal droplets and fact that the reverse tilt disdination lines are formed. 

One feature of the above-mentioned orientation is that under the application of no voltage, the rising di- 
rection of I iquW crystal molecules in the z-axis direction of the canter portion and that of the vicin it y of the wall 
surfaces are inverted. Because of this orientation, the boundary, of regions In which the rising directions of 
the liquid crystal molecules, are different under the application of no voltage, causes a rapid change in spatial 

20 distribution of refractive index. As a result, the scattering of transmitted light or depolarization Is caused to 
form a polarization oomponent different from that of incident light This component is observed as a bright line. 

Construction Example 28 

23 Hereinafter. Example 7 will be described based on Construction Example 28. 

A ceil was fabricated and exposed to UV-rays at 95°C (temperature at which ZU-4792 is changed to an 
isotropic phase: 91 °C) In the same way as in Construction Example 26. 

The orientation of the ceil was similar to that of Construction Example 26. However, the phase separation 
between the liquid crystal and the polymer material was gradually effected, resulting in a decreased amount 
30 of liquid crystal contained In the polymer material. Furthermore, the liquid crystal was completely phase- 
separated from the polymer material so that the liquid crystal molecules were oriented in a slightly deformed 
concentric circle, i.e., a square shape with its corners slightly rounded, in the case of using a square-shaped 
pixel as shown in Figure 45. 

In such a cell exhibiting anisotropy in four directions, viewing angle characteristics in a grayscale display 
as can be improved by disposing the polarizing plates so that their polarizing axes are positioned respectively in 
the vertical and horizontal directions, or disposing the polarizing plates so as to be respectively tilted to the 
right and to the left at an angle of 45° from the vertical direction. 

In Example 7. the liquid crystal molecules are red tally oriented in an omn [direction with respect to the center 
of each pixel. Thus, the conventional problems, such as a narrow range of an observation direction and reverse 
Jo contrast viewing, can be overcome. A wide observing direction without reverse contrast viewing can be real- 
ized. 

In particular, in the present example, the polymer is prevented from entering the pixels, each pixel includes 
the fewest number of liquid crystal domains, and liquid crystal molecules are axisynri metrically oriented with 
the disdination lines completely suppressed. Therefore, the viewing angle characteristics and light transmit- 
45 tance under the application of no voltage are improved, resulting In a satisfactory black level under the appli- 
cation of a voltage and high contrast 

Construction Example 29 

so The same cell as that of Construction Example 26 was fabricated, and a mixture was injected into the cell. 
The mixture was obtained by mixing 0.1 g of R-684 (manufactured by Nippon Kayaku Co., Ltd.), 0.05 g of p- 
fluorostyrene, 0.60 g of isobornyl methacrylate. 0.15 g of perfluorooctyl acrylate. 0.1 g of Afunctional poly- 
merizable liquid crystal material represented by the following Formula 4, 4 g of liquid crystal material ZU-4792 
(twist angle was adjusted by S-61 1 so as to be 90° in the ceil : manufactured by Merck & Co. , Inc.), and 0.0025 

SB g of photopolymerfzation initiator (Irgacure 651). 
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Ft CH^COO^CHzXrO- 

The same photomask aa that of Construction Example 26 was placed on the cell , and the cell was Irradiated 
with UV-rays under the application of a voltage to cure the photopotymerizable resin. Crossed polarizing plates 
10 were attached to both sides of the cell to produce a liquid crystal display device In which the liquid crystal re- 
gions were partitioned by the polymer walls. 

The cell thus obtained was observed with a polarizing microscope, indicating that the same phase sepa- 
ration state and orientation state of the liquid crystal as that of Construction Example 26 were obtained. Then, 
the cell was observed under the application of a voltage, revealing that no disclination lines were formed. Sep- 
ts arately, a wedge ceO was fabricated and a mixture, obtained by mixing the above-mentioned materials exclud- 
ing S-81 1 , was injected into the ceil. Here, the wedge cell is a cell obtained by attaching two substrates to each 
other at some angle. In the wedge cell, a distance between the substrates (cell gap) can be successively varied. 
The eel thus obtained was Irradiated with monochrcmatic light, and measured for its apparent A n. As a result, 
the measured A n was found to be hardly different from A n peculiar to the liquid crystal material. When the 
20 ceil was observed while being tilted, the change in coloration, which was considered to be caused by a large 
change In refractive Index, was hardly observed, compared with the case where a monof unctional porymerfz- 
aWe liquid crystal material was used. It can be expected from these facts that the ceil of the present example 
has small pretilt 

25 Example 8 

Example 8 is characterized by the structure of a photomask. The size of each light-shielding portion of 
the photomask is smaller than that of each segmented electrode so that a plurality of light-shielding portions 
correspond to each pixel. 

30 By allowing the phase separation between the liquid crystal and the polymer material to be effected under 

the application of a voltage, using such a photomask, a liquid crystal display device in which a plurality of liquid 
crystal regions are present in each pixel can be obtained. Also, in the present example, it is not necessary to 
align the light-shielding portions with the pixels, as long as the light-shielding portions are formed at an equal 
distance from each other over the entire display region of the cell. Thus, the attaching step with precision is 

35 not required. Furthermore, disclination lines can be prevented from forming under the application of a voltage 
by adding a photopoJymerizable liquid crystal compound to the mixture to be injected into the cell, and thus, 
a large viewing angle display mode excellent in contrast can be provided. 

(Number of light-shielding portions per pixel) 

40 

rf the number of light-shielding portions of the photomask per pixel is too large, a number of polymer walls 
enter the pixel regions, resulting in a dark display. Thus, 16 or less of light-shielding portions per pixel are pre- 
ferred. 

46 (Size of each light-shielding portion) 

In the case where each liquid crystal region having a mono-domain structure is large, and the liquid crystal 
molecules in each mono-domain are radially or concentrically oriented, when the orientation axis is shifted from 
the center portion, the following occurs. A number of regions foil in blind (dark) directions, when the cell la ob- 
bo served from a certain direction (in the case where the cell is seen in a tilted direction), as shown in Figure 46. 
As a result, the entire pixel becomes a dark state, generating a dark display variation (as represented by a 
hatching in the figure). This phenomenon can be prevented in the present example by forming each pixel region 
with a plurality of liquid crystal regions to average the axis shift in each pixel. 

For effectively averaging the axis shift in each pixel, the size of each light-shielding portion is set to be in 
59 the range of 10 to 100 urn. When the size is more than 100 urn, a display variation can be recognized and 
sufficient effects cannot be obtained. When the size is less than 10 urn, a number of polymer portions are 
formed, decreasing light transmittance. 

Hereinafter, Example 8 will be described In more detail. 
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Two glass substrates (1 .1 mm in thickness) having a transparent electrode made of UO (50 nm in thick- 
ness) were attached to each other with a spacer (6.0 urn in diameter) interposed therebetween to fabricate a 
cell. 

A mixture was injected into the cell In a transparent state. The mixture was obtained by mixing 0.1 g of R- 

5 664 (manufactured by Nippon Kayaku Co., Ltd.). 0.1 g of styrene, 0.4 g of isobornyl methacrylate, 0.2 g of 
perfiuorooctyl acrylate. 0.3 g of the compound represented by Formula 3, 4 g of liquid crystal material ZU- 
4792 (adjusted by S-8 11 so that a chirai pitch be 90° in the cell: manufactured by Merck & Co., Inc.). and 0.0025 
g of photopolymerizatlon Initiator (Irgacure 651). 

The injection port of the cell thus produced was light-shielded so that the polymerizable material was not 

10 cured within the cell and cured only in the portions outside of the cell, and then, the cell was sealed. 

Thereafter, a photomask 15f. shown in Figure 47, was placed on the cell. The ceil was irradiated with col- 
li mated light beams at 10 mW/cm 2 using a high-pressure mercury lamp through a dot pattern of the photomask 
16f while applying a voltage with a square wave (effective value of ±5 V) for one second, and the ceil was al- 
lowed to stand for 30 seconds wfthout the irradiation. This cycle was repeated 20 times. Then, the display cell 

16 was irradiated with UV-rays for 1 0 minutes to cure the polymerizable material. After the polymerizable material 
was cured, the display cell was observed with a polarizing microscope, indicating that liquid crystal domains 
having the same size and arrangement pitch as those of the dot pattern of the photomask 15f (i.e., having a 
structure in which average 9 liquid crystal regions 17 were formed per pixel) were formed. Furthermore, as 
shown In Figure 46, almost one liquid crystal domain was present per liquid crystal region 17, and the liquid 

20 crystal molecules were symmetrically oriented with respect to the center of each liquid crystal region 1 7. 

Next, two crossed- polarizing plates were attached to both sides of the display cell to fabricate a liquid crys- 
tal display device In which the liquid crystal regions were partitioned by the polymer wails. The cell of the pres- 
ent example has no problem of reverse contrast viewing caused In the conventional TN cell, and the increase 
In light transmittance in a direction, largely apart from the normal line to the panel, at the time of saturation of 

25 a voltage is not observed. Furthermore, the generation of dlsciination lines under the application of a voltage 
was hardly seen. 

As described above, in Example 6, the size of each light-shielding portion is smaller than that of each pixel. 
Therefore, the precision alignment of the light-shielding portions with the pixels is not required, simplifying the 
production steps and apparatus. 

30 According to the present invention, photomasks with shapes other than the above-mentioned ones can 

be used. The relationship between the liquid crystal region to be formed and the photomask is exemplified 
here. In the case where a photomask 15g having light-shielding portions 19 in the form of a hexagon shown 
in Figure 49(a) is used, liquid crystal regions 1 7, as shown in Figure 49(b), are formed. In Figure 49(b), a broken 
line represents the contour of each light-shielding portion 19 of the photomask 15g. Figure 50 shows the re- 

35 lationship in size between the photomask 15g and the liquid crystal regions 17 in the case where the photomask 
1 5g (the contour of which is represented by a solid line) in the form of a square with its corner cut out is used. 

The following effects can be obtained by using the liquid crystal display device and the method for pro- 
ducing the same according to the present invention. 

Liquid crystal filled in a plurality of liquid crystal regions in a display medium layer can be radially or con- 

40 centricaOy oriented in an imaginary plane parallel with the substrate surface. At least one liquid crystal domain 
can be formed in each of the plurality of liquid crystal regions. Thus, when the angie and direction in which the 
liquid crystal display device of the present invention are observed from outside are changed, the dependence 
of display contrast on a viewing angle can be eliminated because of the radial or concentric orientation of the 
liquid crystal molecules. Moreover, the radial orientation of the liquid crystal molecules prevents the disci i nation 

45 lines from forming In the liquid crystal regions, resulting In a remarkably improved display quality. Furthermore, 
light transmittance under the application of no voltage is improved, and thus, a light image with satisfactory 
display quality can be displayed even under the application of no voltage. 

Various other modifications will be apparent to and can be readily made by those skilled in the art without 
departing from the scope and spirit of this invention. Accordingly, it is not intended that the scope of the claims 

so appended hereto be limited to the description as set forth herein, but rather that the claims be broadly con- 
strued. 



Claims 

55 

1. A liquid crystal display device comprising: 

two substrates respectively defining a plurality of pixels, each pixel being a display unit at least 
one of the substrates being transparent; and 
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a display medium layer formed between the two substrates, having a supporting medium made of 
a polymeric material and a liquid crystal, the liquid crystal being respectively fined In a plurality of liquid 
crystal regions being partitioned by supporting walls made of the polymeric material in the supporting me- 
dium and each having a size corresponding to size of each of the plurality of pixel regions, 

wherein molecules of the liquid crystal filled in the plurality of liquid crystal regions is asymmet- 
rically oriented In an imaginary plane parallel with a surface of the substrates, and at least one liquid crys- 
tal domain is positioned in each of the plurality of the liquid crystal regions. 

A liquid crystal display device according to claim 1 , wherein one liquid crystal domain is positioned in each 
of the plurality of liquid crystal regions. 

A liquid crystal display device according to claim 1 , wherein a plurality of liquid crystal domains are posi- 
tioned in each of the plurality of liquid crystal regions, liquid crystal molecules in each domain are axi- 
symmetrlcally oriented, and the supporting walls made of the polymeric material are present outside of 
each domain. 

A liquid crystal display device according to claim 1 , wherein a thin film made of a material selected from 
the group consisting of an organic material and an Inorganic material is provided on surfaces of the two 
substrates. 

A liquid crystal display device according to claim 1 , wherein the two substrates are sandwiched between 
polarizing plates. 

A liquid crystal display device according to claim 1, wherein a product A n d of anisotropy of refractive 
index A n of the liquid crystal and a cell gap d between the two substrates is in the range of 300 nm to 
650 nm. 

A liquid crystal display device according to claim 1, wherein a twist angle of the liquid crystal between 
the two substrates when the liquid crystal is injected therebetween is in the range of 45° to 150°. 

A liquid crystal display device according to claim 1 , wherein the liquid crystal has a viscosity n of 50 mPa-s 
or less at 20°C and dielectric constant anisotropy Ae of +3(1 kHz) or more. 

A liquid crystal display device according to claim 1 , wherein the liquid crystal satisfies a condition under 
which a voltage V 10 is 2 volts or less in a voltage-light transmittancs characteristic at 25°C, in a TN cell 
when light tra remittance of the liquid crystal changes from an inUal state to 90%. 

A liquid crystal display device according to claim 1, wherein a product A n-d of anisotropy of refractive 
index A n of the liquid crystal and a cell gap d between the two substrates is in the range of 1000 nm to 
1400 nm, and a twist angle of the liquid crystal present in a cell is in the range of 45° to 150°. 

A liquid crystal display device according to claim 1, wherein a product A n d of anisotropy of refractive 
index A n of the liquid crystal and a ceil gap d between the two substrates Is in the range of 550 nm to 
800 nm, and a twist angle of the liquid crystal present In a cell is In the range of 240° to 300°. 

A liquid crystal display device according to claim 1, wherein the supporting walls reach each of the two 
substrates. 

A liquid crystal display device according to claim 1 , wherein a center axis of orientation of the liquid crystal 
regions present in the pixels Is orthogonal to at least one of the substrates. 

A liquid crystal display device according to claim 1 , wherein disdination lines are formed at the periphery 
of the liquid crystal regions under an application of a voltage. 

A liquid crystal display device according to claim 1 , wherein the liquid crystal molecules In the liquid crystal 
regions are axlsymmatrteally oriented so as to be In parallel with the surface of the substrates, a center 
axis of an orientation of the liquid crystal regions is aligned In a vertical direction to the substrates, and 
the polymer material in the supporting walls Is symmetrically oriented with respect to the center axis, 
whereby disdination lines are not formed In the liquid crystal regions under the application of a voltage. 
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1 ft. A liquid crystal display device according to ci aim 1 . wherein the liquid crystal molecules in the liquid crystal 
regions are ^symmetrically oriented so as to be in parallel with the surface of the substrates, a center 
axis of orientation of the liquid crystal regions is aligned In a vertical direction to the substrates, and the 
polymer material in the supporting walls is oriented In one direction, whereby disclination lines are not 
formed in the liquid crystal regions under the application of a voltage. 

17. A liquid crystal display device according to claim 1 , wherein a polymer present between the substrates 
and the liquid crystal in the liquid crystal regions has a pretilt angle axteymmetric with respect to a center 
axis of orientation of the liquid crystal regions, whereby disclination lines are not formed in the liquid crystal 
regions under the application of a voltage. 

18. A liquid crystal display device according to claim 1 . wherein a black mask is provided on one of the sub- 
strates so as to correspond to a center portion of the domains in which the liquid crystal molecules are 
radially oriented. 

19. A method for producing a liquid crystal display device comprising the steps of: 

(1) providing a mixture containing a liquid crystalline compound and a photopolymerizable compound 
between two substrates, at least one of which Is transparent; and 

(2) irradiating light having a predetermined irradiation intensity distribution to the mixture between the 
two substrates, allowing a phase separation of the mixture involved in polymerization thereof to be ef- 
fected, and uniformly distributing supporting walls made of a resin and a liquid crystal. 

20. A method for producing liquid crystal display device according to claim 1 9, wherein a photopolymertzatfon 
initiator is added to the mixture. 

21. A method for producing a liquid crystal display device according to claim 19, wherein, in step (2), a uniform 
distribution of the supporting wails and the liquid crystal is determined so as to correspond to an arrange- 
ment pitch of a plurality of pixels defined by the two substrates. 

22. A method for producing a liquid crystal display device according to claim 19, wherein step (2) Includes 
alignment treatment for allowing molecules of the liquid crystal partitioned by the supporting walls to be 
antisymmetrically oriented in an imaginary plane parallel with a surface of the substrates. 

23. A method for producing a liquid crystal display device according to claim 22, wherein a light-shielding chip 
corresponding to a center portion of an axisymmetric orientation of the liquid crystal molecules is formed 
on either of the two substrates. 

24. A method for producing a liquid crystal display device according to claim 19, wherein the mixture is irra- 
diated with light having uniform irradiation intensity distribution under a condition that a UV-rays compo- 
nent in a short wavelength region of 300 nm or less is shielded. 

25. A method for producing a liquid crystal display device according to claim 24, wherein the UV-rays com- 
ponent in a short wavelength region is shielded by using a UV-rays out filter. 

26. A method for producing a liquid crystal display device according to claim 24, wherein the UV-rays com- 
ponent In a short wavelength region Is shielded by using an Inorganic and organic material which makes 
transmfttance of light with a wavelength of 300 nm not more than 10% and transmit tance of light with a 
wavelength of 350 nm at least 40%, assuming that light transmittance with respect to air is 1 00%. 

27. A method for producing a liquid crystal display device according to claim 19, wherein while being sub- 
stantially controlled, at least one of an electric field and a magnetic field is applied to the mixture during 
light irradiation. 

28. A method for producing a liquid crystal display device according to claim 27, wherein the electric field Is 
applied by using an electrode for a display. 

29. A method for producing a liquid crystal display device according to claim 19, wherein light having the pre- 
determined irradiation intensity distribution is formed by using a photomask. 

30. A method for producing a liquid crystal display device comprising the steps of: 
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Injecting a mixture containing a liquid crystalline compound, a photopolymerizable compound, and 
a liquid crystalline photopolymerizable compound between electrode substrates in a ceil, at least one of 
the substrates being transparent; and 

irradiating the mixture with light having a uniform irradiation intensity distribution while at least one 
of an electric field and a magnetic field is applied to the mixture, thereby allowing phase separation In- 
volved in polymerization to be effected. 

31. A method for producing a liquid crystal display device according to claim 30, wherein a temperature of 
the ceil during light irradiation is set to be at least a temperature at which liquid crystal to be used exhibits 
an isotropic phase, and then the cell is cooled. 

32. A method for producing a liquid crystal display device according to claim 19. wherein the photoporymer- 
izabie compound includes a fluorinated compound. 
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FIG. 22 



70 



s 60 

8 

g 50 

I 

§ 40 



^ 30J 



20 « 



(An-d- 650nm) 



Constructive example 



Comparative 

example 
— 




Comparative 
example 



200 300 400 500 600 700 800 900 1000 

An •<! (nm) 



54 



EP0634 685A2 



FIG. 23 
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FIG.26(a) 
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FIG.27(a) 
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FIG. 29(a) 
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FIG. 33(a) 
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FIG. 4 3(a) 
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